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Salmonella, an important genus of Gram-negative enteric bacteria, is the causative 

agent of many different diseases including Typhoid Fever and Gastroenteritis. 

Salmonella utilises multiple methods of invading mammalian cells, the best 

characterised is the Type Three Secretion System (T3SS). In addition to the T3SS, 

Salmonella express a multitude of fimbrial and non-fimbrial adhesins to facilitate 

attachment to and invasion of the epithelial layer lining the intestinal mucosa.

A high-throughput fluorescent assay was developed and optimised for use in 

determining bacterial adherence to and invasion of mammalian cells. Bacteria were 

rendered fluorescent using GFP expressed from plasmid pCMOl. Mammalian cells 

and extracellular bacteria were distinguished using nucleic acid dyes and antibody 

labelling.

Previously, our laboratory has characterised the PagN outer membrane 

protein of Salmonella Typhimurium. PagN was discovered in S. Typhi in 2011 and 

implicated as a bacterial adhesin and potential vaccine candidate (129 ). The 

structure of the S. Typhi PagN (PagNsiv) was determined and its function compared 

with that of the S. Typhimurium protein (PagNsiM).

The main aim of this study was to further characterise the structure and 

function of the PagNsTM protein. Apag/V-constitutive expression plasmid was created 

for ease of use. The pag/VsrM gene was cloned under the control of the Phek promoter 

to create plasmid pSP8. The homologous Hek protein of Escherichia coll has been 

shown to mediate autoaggregation, however this was not seen for PagNsiM- 

expressing bacteria (103, 203). Autoaggregation was measured for bacteria 

expressing either Hek or PagNsTM to determine whether the phenotype was due to 

overexpression via the Phek promoter or through the action of the protein itself. 

PagNsTM-expressing bacteria were unable to autoaggregate above levels seen by 

the vector plasmid. PagNsiM-mediated attachment to and invasion of the C HO -K l 

epithelial cell line was also abolished for bacteria expressing PagNsTM using the 

constitutive expression pSP8 plasmid.

The four extracellular loops of the PagN protein have been demonstrated as 

necessary to mediate invasion of epithelial cells (204). These mutants were tested 

for their adherence to and invasion of CHO -K l and HT-29 epithelial cells in a high- 

throughput manner. Deletion of any one of the extracellular loops led to a complete 

abolishment of association with either cell type. The loop-deletions were created at 

the membrane-surface interface, and this may affect the ability of the protein to 

mediate attachment. New, smaller loop-deletion mutants were created to further
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determine the role they play in mediating invasion of epithelial cells. Again, each of 

these loop-deletion mutants was unable to promote adherence to or invasion of the 

CHO -K l and HT-29 cell lines.

As PagN shares significant sequence homology with the Hek protein, and 

research has indicated that specific charged residues in Loop two of Hek are involved 

in invasion (1 0 1 ), the conserved residues in PagN (R71, D75, K77, and D81) were 

mutated to a neutral alanine residue. High-throughput invasion assays were 

performed to determine the ability of the mutant forms of PagN to promote adhesion 

and invasion of CHO-Kl and HT-29 cells. The R71A mutant showed a statistically 

significant increase in both adhesion and invasion of CHO -K l cells, and this was not 

seen for HT-29 cells. There was no statistically significant difference seen for any of 

the other mutant forms of the protein.

Deletion of the pagN  gene in S. Typhimurium has been shown to affect 

bacterial adhesion/invasion (160, 205, 259, 357). Strains of wild-type S. 

Typhimurium and strains lacking the pagN  gene were tested for adherence to and 

invasion of CHO-K l and HT-29 cells. Bacteria grown in L-broth did not show any 

difference in adhesion/invasion of either cell line upon the loss of pagN. The pagN  

gene is under the control of the PhoP/Q two-component system. Bacteria were 

grown overnight in PhoP-inducing media and the high-throughput assay was 

repeated. Again, no differences were seen in cell association or invasion of either 

cell line.

Finally, PagN interacts with heparan sulphate proteoglycans expressed on 

the surface of mammalian cells (204 ). In human cells, there are two 

xylosyltransferases, XT-I and X T -II, present to catalyse the rate-limiting step in 

proteoglycan biosynthesis. X T -II is expressed in many different cell-types while XT- 

I is less expressed. siRNA knockdown methodology was used to decrease expression 

of xylt-2  in the human HT-29 colonic cell line. A high-throughput assay was 

performed to investigate PagN-mediated invasion of these cells. There was no 

difference in invasion of siRNA-knockdown as compared with those cells exposed to 

a scrambled siRNA.
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Chapter 1 Introduction

1.1 Salmonella: an introduction

The genus Salmonella, a close relative of the Escherichiae, is comprised 

of Gram-negative, pathogenic, rod-shaped and motile bacteria of the 

family Enterobacteriaceae. In 1885, the genus Salmonella was 

discovered by Daniel Elmer Salmon and his assistant Theobald Smith in 

their search for the causative agent of common hog cholera. Strains 

were originally differentiated based on their reaction to sera, each new 

serotype corresponding to a new species. It  is now generally accepted 

that the genus Salmonella is divided into two species. Salmonella 

bongori and Salmonella enterica. S. enterica can be further divided into 

6 subspecies comprised of numerous serovars (173, 333).

The species S. bongori is considered to be phylogenetically older 

than S. enterica and is most commonly associated with cold-blooded 

vertebrates in the environment. S. enterica are capable of infecting a 

range of animal hosts including poultry, cattle, pigs, mice and humans 

(264 ). Almost all Salmonella organisms that cause disease in humans 

and domestic animals belong to S. enterica subspecies enterica ( I )  (107, 

206). Salmonella enterica serovar Typhimurium (hereafter referred to 

as S. Typhimurium) is a facultative anaerobe and is distinguishable from 

other enteric bacteria on the basis of its biochemical properties. S. 

Typhimurium is distinguishable from Escherichia coli and the Shigellae 

as it can utilise citrate as a carbon source, is urease negative and unable 

to metabolise lactose (320 ). Lack of lysine decarboxylase production is 

also characteristic of the genus Salmonella.

Salmonella are of importance as an on-going concern in world

wide public health services, due to the emergence of antimicrobial drug 

resistance mechanisms (60, 98, 347). Salmonella have also served as a
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paradigm for the study of the mechanisms of bacterial pathogenesis. 

Since the turn of the millennium, the genomes of multiple S, 

Typhimurium strains and S. Typhi strains including S. Typhimurium LT2 

and S. Typhi CT18 have been sequenced (2 3 6 , 267).

1.2 Salmonellosis: the key features

Salmonellosis is a m ajor public health burden representing a sizeable 

cost to society in both developing and developed nations (2 2 4 , 30 1 ).  

The principle diseases associated with Salm onella  infection are typhoid 

fever and gastroenteritis. Salm onella enterica  serovars Typhi and 

Paratyphi, are exclusively human pathogens and are the causative 

agents of Typhoid Fever. S. Typhi and S, Paratyphi are prevalent in 

developing countries and are responsible for more than 21 million 

illnesses per year and more than 2 0 0 ,0 0 0  deaths worldwide (6 9 ).  The 

clinical manifestations of typhoid include fever, headache, abdominal 

pain, and transient diarrhoea or constipation. Infection can produce fatal 

respiratory, hepatic, spleen and/or neurological damage (43 , 326 ).  

Without treatm ent, the mortality is 1 0 -2 0 %  decreasing to < 1 %  among  

patients treated with antibiotics (2 64 , 268).

Salm onella enterica  serovars Typhimurium and Enteritidis are the  

leading causes of gastroenteritis in the developing and the developed  

world. I t  is estimated that there are more than 94  million cases of non- 

typhoidal salmonellosis (NTS) each year; of these, 15 5 ,0 00  people will 

die (2 2 4 ) .  In developing countries, children and HIV-infected individuals 

experiencing NTS are also susceptible to septicaemia with a fatality rate 

of greater than 2 5 %  (1 7 3 ) .  Initial symptoms include nausea and 

vomiting, which are followed by abdominal pain and diarrhoea. The 

nature and severity of the disease is largely dependent on the 

Salm onella  serovar and host species involved (7 7 ).
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1.3 Salmonella Pathogenesis

Salmonellae are normally ingested in contaminated food and/or drinking 

water. The bacteria can withstand the drastic change in temperature and 

pH between the gut and the environment. As Salmonella pass through 

the digestive system, they are exposed to environmental stresses such 

as osmotic shock, oxygen starvation, and bile salts produced by the 

liver. As the immune system targets extracellular bacteria for 

degradation, it is imperative that Salmonella spp. invade the epithelial 

mucosa to evade detection. The bacteria have evolved several 

mechanisms for attachment to epithelial cells including numerous 

fimbriae (18 ), outer membrane proteins, such as Rck (156 , 158), and 

OmpD (149 ), and a type three secretion system encoded on the 

Salmonella pathogenicity island-1 (S P I-1). The bacteria that pass 

through the epithelial cells lining the lumen, are phagocytosed by 

immune cells such as macrophages, dendritic cells, neutrophils, 

monocytes, and B and T cells (359 ). Within these immune cells, bacteria 

experience a number of conditions such as acid pH, reactive oxygen 

species, and limiting amounts of magnesium, iron, and phosphate. A 

schematic of Salmonella pathogenesis can be seen in Fig. 1.1.
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H  Epithelial Cell M Cell Bacterial Cell O  SCV Dendritic Cell Phagocytic Cell I  Tight J u n c t io n ^ ^ f  Apoptotic cell

FIG. 1 .1 . Salmonella  invasion of ep ith e lia l cells. S. Typhimurium cross the epithelial barrier by firs t adhering to the cells (1) 
and inducing actin polymerization, membrane ruffling and uptake (3). Once inside the epithelial cells. Salmonella are contained within 
Salmonella containing vacuoles (SCVs) (5). The bacteria are able to escape the vacuole and the cell (6). Professional phagocytic cells 
such as macrophages engulf the bacteria (7), however. Salmonella are able to induce apoptosis (8) and invade the monolayer from the 
basolateral surface (9). Salmonella are also able to invade M cells which sample the gut environment (2). Dendritic cells also disrupt 
tigh t junctions to capture bacteria (4).



1.4 Genetic Virulence Determinants of 
Salmonella

In order to facilitate bacterial invasion as discussed above, Salmonella 

employ many different virulence strategies to interact with host innate 

and acquired immune responses. The majority of the genes involved in 

pathogenesis are located within highly conserved laterally acquired 

pathogenicity islands termed Salmonella pathogenicity islands (SPIs). 

Other genes are located on a virulence plasmid pSLT or within the 

chromosome. Thus far, five SPIs (SPI-1 to SPI-5) along with the spv 

operon located on the pSLT plasmid, and a number of adhesins, flagella, 

and factors contributing to biofilm development have been clearly 

implicated in S. Typhimurium virulence (61, 181, 228).

1.4 .1  S P I-1

The SPI-1 locus, the best characterised of the SPIs, is ~40-kb  in size 

and is located at centisome (cs) 63 (2 28 ). SPI-1 has an overall G+C  

content of 42%  and is flanked by flhA and mutS. More than 35 genes 

are contained within SPI-1 (Fig. 1.2) (9 5 ). SPI-1 forms a coordinated 

unit involved in promoting bacterial uptake within epithelial cells. 

Contained within SPI-1, are all of the genes necessary to form a 

functional type three secretion system (T3SS) apparatus (Section 

1 .5 .6 .), several effector proteins, and its cognate regulators, HilA, HilC, 

HilD, and InvF (95). The prg/org  and inv/spa operons encode the needle 

complex of the T3SS, while the sic/sip operons encode the effector 

proteins and the translocon. Other injected effectors are encoded 

elsewhere on the chromosome. For example, SopB is encoded within 

SPI-5 at 25 cs (354) and the gene encoding SopE is located
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within the integrated P2-like phage SopEO at 60 cs (1 51 ). Several 

chaperone proteins are also encoded within SPI-1 and protect the 

effector proteins from degradation, prevent premature interactions, or 

mediate recognition by the T3SS.

Injection of the T3SS effector molecules into the host cell 

promotes cytoskeletal rearrangements resulting in membrane ruffling 

and traversal of the intestinal epithelium by S. Typhimurium (Section 

1 .5 .6 .1 ). SPI-1-defective S. Typhimurium are attenuated for virulence 

in a mouse model when inoculated orally but not intraperitoneally (121, 

180). This suggests that SPI-1 is necessary for the colonisation of 

intestinal epithelia, while other virulence determinants were acquired to 

allow for systemic spread of the bacteria.

1.4.2  S P I-2

SPI-2, located at 32 cs, is a 40-kb virulence determinant inserted 

adjacent to the tRNA'^ '̂ gene (263, 306). The 42 ORFs of SPI-2 are 

utilised S. Typhimurium for intracellular replication within host cells, and 

for persistent, systemic infection after internalisation (Fig. 1.2) (164, 

263). When compared with wild-type Salmonella, SPI-2-defective  

mutants are severely attenuated regardless of whether they are infected 

orally, intraperitoneally or intravenously (167, 263, 306).

The SPI-2 locus can be divided into two separate segments, which 

may have been obtained in two distinct horizontal transfer events (166). 

The smaller 14.5-kb region of SPI-2 is found in both S. enterica and S. 

bongori and was most likely acquired first. This region, together with 

seven ORFs of unknown function, harbours a cluster of ttr  genes involved 

in anaerobic tetrathionate reduction (165 ). This arm of SPI-2 is flanked 

by ORF 242 and pykF  at 30.5 cs and is not required for virulence (166).
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The larger 25.3-kb portion of SPI-2, located between tRNA^^' gene at 31 

cs and ssrB of SPI-2 is restricted to S. enterica and may present a more 

recent insertion (166).

The larger region of SPI-2 harbours the genes necessary to 

mediate virulence including a T3SS, as well as regulatory, chaperone 

and effector proteins. The SPI-2 encoded T3SS functions to secrete its 

effector proteins from within an intracellular environment (164 ). Four 

operons termed regulatory, structural I, structural I I  and 

effector/chaperone encode the 31 genes that comprise the T3SS and 

associated proteins (58, 166, 306). These genes were named to reflect 

the function of the products they encoded: regulatory proteins were 

designated ssr (secretion system regulator), components of the T3SS 

were designated ssa (secretion system apparatus), while substrate 

proteins and their cognate chaperones were designated sse (secretion 

system effector), and ssc (secretion system chaperone) respectively 

(168).

After further functional analyses, several SPI-2 encoded genes 

have been re-annotated. The putative effector protein SseA was further 

characterised to reveal that it acts as a chaperone for SseB and SseD, 

two of the translocon components (291, 365). SsaB was also incorrectly 

labelled as a component of the T3SS apparatus and has since been 

relabelled SpiC as it has been shown to inhibit phagosome-lysosome 

fusion and interfere with intracellular trafficking (338 ).

A more thorough exploration of the role of the SPI-2 encoded T3SS 

and effector proteins in Salmonella pathogenesis is presented in Section 

1.6 .
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1.4.3 S P I-3

SPI-3 is a 17-kb insertion located at the seIC tRNA locus at centisome 

82. Within SPI-3, there are ten ORFs encoded within 6 transcriptional 

units, only four of which have been studied (Fig. 1.2). This island 

encodes proteins with no functional relationship to one another and 

analysis of the G+C content of SPI-3 reveals a mosaic structure 

indicating that it evolved in a multi-step process (33). One of the SPI-3  

operons, mgtCB, encodes the macrophage survival protein MgtC and the 

high-affinity Mg^+ transporter MgtB (314 ). Transcription of the mgtCB 

operon is induced under conditions of low Mĝ "̂  by the PhoP-PhoQ two- 

component signal transduction system (33, 313). None of the other 

SPI-3 genes are PhoP-regulated nor are they required for survival in 

macrophage, or for invasion of epithelial cells. Of the other ORFs, one, 

encoding a membrane insertion and secretion protein, MisL exhibits 

sequence similarity to the A IDA-I adhesin of enteropathogenic E. coli 

(2 4 ), and is involved in binding of fibronectin and in intestinal 

persistence in mice (85). Another ORF, MarT (for membrane-associated 

regulator) displays 43%  identity at the C-terminal end to the ToxR 

transcriptional regulator from Vibrio cholerae (245 ). The function of the 

remaining ORFs is undefined but as their distribution varies between 

serovars of Salmonella it is postulated they contribute to host specificity 

or chronic infection (9 ).

1.4.4 S P I-4

SPI-4, located at 92 cs, is a 27-kb genetic element flanked by putative 

tRNA genes, which contains a previously identified locus required for 

survival in murine macrophages (Fig. 1.2) (106, 353). An initial 

description of SPI-4 suggested there were 18 putative ORFs encoded in 

the pathogenicity island (353). However, upon publication of the
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complete genome of Salmonella Typhimurium LT2, the operon was 

reorganised into 6 ORFs labelled STM 4257-62 (236, 250). The SPI-4  

encoded genes have since been renamed siiABCDEF for Salmonella 

Intestinal infection after SPI-4 was shown to be important for the 

colonisation and infection of calves (250 ). SPI-4 mutants have since 

been shown to be attenuated relative to wild-type bacteria during 

systemic infection of mice (209 ). Data published by Gerlach et al. 

demonstrated invasion of the intestinal epithelia from the apical side 

requires the cooperation of the SPI-1 encoded T3SS with a giant adhesin 

termed SiiE (128). SiiE is discussed in more detail in Section 1.5.3.

1 .4 .5  S P I-5

Located at 25 cs of the S, Typhimurium chromosome, SPI-5 is flanked 

by serT  and copR with an overall G+C content of 4 3 .6%  (Fig. 1 .2 ), and 

has been characterised in detail in S. Dublin (175, 354). SPI-5 has also 

been identified in several other Salmonella spp. including S. 

Typhimurium (175, 354). SPI-5, like SPI-1, is involved in traversal of 

the intestinal epithelium (354 ). SPI-5 encodes the SopB effector protein 

(Section 1 .5 .6 .1 .1 .1 ), which is secreted through the SPI-l-encoded  

T3SS, and thought to be responsible for inducing fluid secretion from  

host epithelial cells (175, 190, 269). It  is not thought to be associated 

with systemic disease, although two genes, pipD encoding a cysteine 

protease homologue, and copS, encoding a histidine kinase, have been 

implicated in systemic infection (189 ).
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1.4.6 SPI-6

SPI-6 is relatively uncharacterised. Located at 7 cs of the S. 

Typhimurium chromosome next to the tRNA^^P gene, it is 47-kb in size 

(113 , 114). In 2002, Folkesson et at. demonstrated that SPI-6 is 

necessary to mediate entry of S. Typhimurium into HEp-2 cells (114 ). 

Klumpp et al. also demonstrated that several genes located within SPI- 

6 are necessary to mediate survival within J774A.1 macrophages (188). 

44 genes are encoded within SPI-6, though many of them have not been 

characterised (Fig. 1 .2) (194 ). The genes encoding a type-6 secretion 

system, the fimbrial gene cluster safABCD, and the adhesin/invasin 

pagN  are all located within SPI-6 (113 , 205, 275). PagN will be discussed 

in more detail in Section 1.5 .5.

1.4.7 The Salmonella virulence plasmid

Pathogenic, non-typhoidal Salmonella serovars carry a large, low- 

copy-number virulence plasmid required for systemic disease (139, 

289). The Salmonella virulence plasmid is present at 2.75 copies per cell 

and varies in size depending on the serovar from 50-kb in size (for S, 

Choleraesuis) to 95-kb in size (for S. Typhimurium) (57, 236). The S. 

Typhimurium virulence plasmid contributes to systemic infection in mice 

by increasing the growth rate of the bacteria inside host cells (141 ). A 

region of 8-kb is highly conserved throughout. This region encodes five 

genes spvRABCD (designated Sa/mone//a filasmid virulence (spv) genes) 

and is sufficient to restore virulence to plasmid-cured bacteria (1 40 ).

The spy locus encodes four structural genes, spvABCD, as well as 

the gene for a transcriptional regulatory protein, spvR. SpvR is a 

transcriptional activator of the LysR family, which activates expression 

from both the PspvR and PspvA promoters. The SpvB protein is a 

mono(ADP-ribosyl)transferase that modifies actin, destabilising the
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cytoskeleton of infected cells (214, 331). SpvC is a phosphothreonine 

lyase that has been reported to remove phosphate groups and thus 

inactivate extracellular signal-regulated kinase (ERK), a mitogen- 

activated protein kinase (MARK) signalling pathway required for 

Sa/mone//a-induced inflammation. Both SPI-1 T3SS and SRI-2 T3SS are 

able to deliver SpvC into the host cell cytoplasm (146, 235). SpvC was 

reported to be required for systemic infection (234 ); however, recent 

evidence indicates that mice infected with spvC mutant bacteria show 

pronounced colitis compared to those infected with wild-type bacteria. 

SpvC reduces expression of proinflammatory cytokines (IL -8  and TNF- 

c) and decreases inflammation and neutrophil infiltration at infection 

sites during the early stages of infection (146 , 235).

The spv genes are induced during the stationary phase of bacterial 

growth in mice and macrophages (160, 230, 285). In addition to SpvR, 

the expression of the spv locus is regulated by the stationary phase 

sigma factor RpoS, the nucleoid-associated proteins H-NS (2 6 2 ), and 

IHF (231 ), the leucine-responsive regulatory protein Lrp (2 31 ), and the 

cAMP receptor protein CRR (261).

Outside of this conserved region are several loci including the 

plasmid encoded fimbrial operon pef, the rck operon (Section 1 .5 .2 .1 ), 

and the rsk loci which is thought to play a role in regulation of S. 

Typhimurium virulence (289 , 341). Recently, it was demonstrated that 

the rck operon is up-regulated by SdiA, in an A/-acyl homoserine lactone- 

dependent manner in actively migrating swarmer populations of S. 

Typhimurium (1 87 ). SdiA is a component of a cell-cell signalling system 

coupled to swarmer differentiation in S, Typhimurium (1 ). Swarming 

refers to the tendency of almost all members of the Salmonella genus 

to differentiate and migrate on semisolid surfaces in a coordinated 

population. It  is thought to be relevant to the differentiation state 

displayed within an animal host (187).
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1.5 Intestinal invasion by Salmonella

1.5.1 The fimbriae of Salmonella

As mentioned above, fimbrial adhesins mediate attachment to the 

epithelial mucosa, initiating the first step in the invasion process (18- 

20). Fimbriae were first discovered in 1958 (88); it is generally accepted 

that there are 4 kinds of Salmonella fimbriae, encoded by four separate 

operons. They have been categorised as Type I (5 9 ), Long Polar (17 ), 

Plasmid-encoded (1 1 7 ), and Thin aggregative fimbriae (64 ). Fimbrial 

adhesins are thought to mediate attachm ent to the intestinal epithelial 

surface. Experiments performed in vitro have shown that the fimbriae 

expressed by S. Typhimurium promote attachment to various cell lines 

with each fimbrial operon promoting attachment to and invasion of an 

individual cell type (18 ). This points to fimbriae as a major factor in 

aiding S. Typhimurium to distinguish various cell types. Fimbriae may 

provide host specificity as there are several fimbriae present in strains 

of S, Typhimurium that are required for attachment to bovine rather 

than murine Peyer's patches (335 ).

1.5.2 Afimbrial adhesins 

1.5 .2 .1 Rck

Outer membrane proteins can also promote adhesion to the intestinal 

epithelium. One such outer membrane protein is Rck, the gene for which 

is encoded on the S. Typhimurium virulence plasmid. Rck belongs to a 

family of related 17- to 19-kDa outer membrane proteins including PagC 

from S. Typhimurium (2 4 3 ), Ail from Yersinia enterocolitica (2 44 ), and 

OmpX in E. coli (239 ). Rck is a [3-barrel protein composed of 8 anti-
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parallel p-sheets that give rise to 4 surface-exposed loops (1 5 6 ). It  has 

been shown that Rck provides high-level serum resistance by interfering 

with the formation of polymerised C9 tubular membrane attack 

complexes (157 ). Rck, when expressed exogenously in strains of non- 

invasive E. coli can promote adhesion to and invasion of mammalian cell 

cultures in vitro (1 5 8 ). The Rck protein induces bacterial binding to 

extracellular matrix (ECM) component laminin (6 7 ).

1.5 .2 .2  OmpD

Another important outer membrane protein is encoded by the ompD 

gene. OmpD is a 34-kDa porin that displays sequence similarity to the 

major porins OmpC, OmpF, and PhoE as well the NmpC and Lc porins of 

E. coli K-12 (183 , 310, 311). The abundance of OmpD in the outer 

membrane is determined at the transcriptional level. Levels of OmpD 

increase In response to anaerobic shock and decrease in response to low 

pH (296). Dorman et al. originally reported that S. Typhimurium strains 

harbouring an ompD  mutation were less virulent in BALB/c mice (8 4 ). 

However, it has also been reported that there is no difference in 

virulence between wild-type S, Typhimurium and the ompD  mutant 

(241 ). However, ompD mutants display lower levels of macrophage and 

epithelial cell binding in vitro, this suggests that OmpD is involved in the 

recognition of S. Typhimurium by human macrophages and intestinal 

epithelial cells (149 ).
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1.5.3 SiiE

Encoded within S P I-4 ,  the  siiE  gene forms an operon with siiABCDF. SiiC, 

SiiD , and SiiF form  a ty p e -1  secretion system  ( T IS S )  with SiiF acting as 

the  ATPase subunit, SiiD acting as the periplasmic adap to r  protein, and  

SiiC as the  o u te r  m e m b ra n e  pore (1 6 ) .  SiiE is the  substrate of the  T I S S  

w here  it is secreted and surface retained during cultivation (3 4 4 ) .  

Recent work suggests th a t  SiiAB form a proton channel sim ilar to MotA  

and MotB o f the  flage llar  m otor and function to regulate  SiiE surface  

retention  and release ( 3 5 0 ) .  SiiE is the largest protein of the  Salm onella  

pro teom e a t  5 9 5 -k D a  (1 2 8 ,  2 0 8 ) .  SiiE is com posed of 53  Big dom ains  

( 1 2 7 ,  3 4 4 ) .  The  N -term inus  possesses one coiled-coil dom ain flanked by 

tw o p -shee t dom ains while the  C -term inus  contains the signal sequence  

for secretion ( 3 4 4 ) .  Electron microscopy has revealed th a t  SiiE is a linear  

molecule app ro x im ate ly  175  ±  5 nm in length ( 3 4 4 ) .  SiiE w as shown to 

bind to GlcNAc and o 2 ,3  linked sialic acid containing structures  

expressed on the apical side of polarized epithelial cells ( 3 4 4 ) .  Maxim al  

surface retention of SiiE was dem onstra ted  a t  3 .5  hours of grow th in rich 

m edia , which is also when S P I-1  T3S S  m ediated  invasion was also 

observed, indicating th a t  SiiE m ay play a role in m ediating initial 

a tta c h m e n t prior to the  interaction of the epithelial cell w ith the T3S S  

needle com plex (3 4 4 )

1.5.4  BapA

Salm onellae  possess the  ability to form  surface -a ttached  biofilms on 

both biological and non-biological surfaces. Biofilms are  thought to cause  

up to 6 0 %  of all hum an infections ( 3 1 9 ) .  Biofilms are  also highly  

resistant to killing by anti-bacteria ls  (4 ,  62 , 8 0 ,  2 2 1 ,  3 1 9 ) .  In  rich 

m edium  a t  room te m p e ra tu re ,  S. Enteritidis bacteria form  a pellicle 

composed of curli f im briae  and cellulose at the a ir -b ro th  interface (3 1 5 ,
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364). In 2005, Latasa e ta l. discovered a large secreted protein that they 

termed BapA that is required for biofilm formation and host colonisation 

in S. Enteritidis strains (2 08 ). In late 2010, Biswas e ta l. confirmed the 

presence of the bapA gene in 67 Salmonella isolates belonging to 34 

different serotypes including S. Typhi and Paratyphi, Typhimurium, 

Dublin, Enteritidis, and Gallinarium (32).

The bapA gene (s tm 2689) was first annotated as a large 

pseudogene with a frameshift in position 6969 in the genome of 

S.Typhimurium LT2 (2 36 ). Latasa et al., however, found that this 

truncation did not occur in either the laboratory strain S. Typhimurium  

LT2 or the clinical isolate S. Enteritidis 3934 during PCR-amplification of 

DNA fragments encompassing this region of the genome (208 ). The 

bapA gene gives rise to a 386-kDa protein. The BapA protein contains 

three regions; region A encompasses amino acids 1-360, region B 

contains 29 tandem repeats (amino acids 159-3003), and region C 

encompasses amino acids 3003-3824 . Loss of the bapA gene in both S. 

Enteritidis and S. Typhimurium 14028 abrogated the ability of the 

bacterium to produce the pellicle at the air-broth Interface in liquid L- 

broth. Overproduction of curli fimbriae, however was shown to overcome 

the biofilm deficiency in this mutant strain (208 ).

Latasa et al. also demonstrated that BapA plays a role in the 

pathogenesis of S. Enteritidis (208 ). In their experiments, BALB/c mice 

were orally and intraperitoneally inoculated with wild-type and bapA 

deficient bacteria. At 5-11 days post infection, mice inoculated with wild- 

type bacteria showed 100%  mortality rate, while those inoculated with 

the l\bapA strain did not begin to die until 8 days post-lnfection, and 

55%  of those Infected survived until 24 days post Infection (2 0 8 ). Latasa 

et al. also showed that bacteria harbouring a bapA deletion, were unable 

to effectively adhere to and invade the Intestinal epithelium in a ligated 

Ileal loop (2 08 ). These results indicate that BapA is involved in intestinal 

colonisation during Invasion and In biofilm formation.
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1.5 .5  PagN

First annotated as Iv iV I-A  (160), the PagN protein is an outer membrane 

adhesin that is required for bacterial survival and virulence in BALB/c 

mice (160, 358). The PagN protein is predicted to comprise eight 

amphipathic (3-strands, giving rise to four surface-exposed extracellular 

loops. PagN shares 54%  homology with the Tia and Hek invasins found 

in enterotoxigenic E. coli and neonatal meningitic E. coli, respectively 

(101, 103, 112). Together, PagN, Hek, and Tia form the PATH family of 

adhesins/invasins.

The pagN  gene is conserved between all S. Typhimurium strains. 

Recently, Ghosh et aL showed that the PagN protein is also conserved 

in several clinical strains of S, Typhi and Paratyphi (1 29 ). The PagN 

protein of S. Typhi (PagNsrv) shares 96%  sequence homology with the 

PagN protein of S, Typhimurium (PagNsiM). There are two amino acid 

substitutions in transmembrane portions of the PagNsrv, and two amino 

acid substitutions D20E and D69Q in extracellular loops 1 and 2 

respectively. While PagNsTM recognises heparin-sulphate molecules 

expressed on the surface of host cells, PagNsiv mediates adhesion to the 

extracellular matrix component, laminin (129 , 204 ). PagNsiv is also 

crucial for S. Typhi pathogenesis as deletion of the pagN  gene leads to 

a 10-fold greater LDso for mice (129 ). Ghosh et al. proposed PagN as a 

potential vaccine candidate for Salmonella Typhi as mice that had been 

immunized using recombinant PagNsiv were able to survive for up to 7 

days after being challenged with 5 x 10^ C .F.U./m l bacteria (129 ). 

Recently, Yang et al. have also proposed PagNsiM as a potential vaccine 

candidate (3 58 ). In this study, mice were immunized with recombinant 

PagNsiM and challenged with 1 x 10® C.F.U./m l bacteria; 60%  of 

immunized mice survived past day 20, while 100%  of naive mice died 

by day 11 (358 ).

The pagN  gene is part of the PhoP/Q activated-gene regulon, 

discussed more in depth in Section 1.7.1 (22 ). It  has been proposed that
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PhoP/Q can be activated by a mild acidic pH (6, 11). Previous studies 

have shown that pagN  is expressed when bacteria are grown in minimal 

media at pH 5.8 (205 ), however, a more recent study has shown that 

PagN expression can be activated by growth to late stationary phase in 

a rich media at pH 5.8 (358). pagN  expression is also highly up- 

regulated when bacteria are grown in minimal media that is starved of 

magnesium, or when bacteria are grown in a SPI-2 inducing media 

(259 ). Nunez-Hernandez e t al. also showed that pagN  expression is 

highly up-regulated during invasion of fibroblast cells (259 ).

Previous studies have demonstrated that PagN is a conserved outer 

membrane protein necessary to mediate efficient invasion of 

mammalian cells (160, 161, 203, 205, 357). However, there is a serious 

gap in the literature with respect to the specific mammalian cell receptor 

recognised by the PagN protein as well as the amino-acid residues 

involved in mediating these Interactions.

1.5.6 The SPI-1 Type Three Secretion System of 

Salmonella

Salmonella encode two distinct virulence-associated T3SSs involved with 

different stages of the infection process (177 ). The SPI-1 T3SS is 

required for epithelial cell invasion and enteric pathogenesis while the 

SPI-2 encoded T3SS, is associated with intracellular survival (167 , 177). 

These secretion systems provide a channel for the direct transport of 

effector molecules from the cytoplasm of the bacterium to the host cell. 

T3SSs are considered the most complex secretion systems in bacteria 

comprising more than 20 proteins. The main components of the 

apparatus seem to be generally conserved in many Gram-negative  

species, while the arsenal of effector proteins they deliver is specific to 

each system (122).
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The SP I - l -en cod ed  T3SS is generally considered central for entry 

to the  intestinal epithelium. It is composed of a supramolecular  s t ructure  

called the  needle complex (NC), which sha res  sequence  homology with 

proteins  of the  flagellar export  machinery (196). The NC consists of a 

multi-ring base  th a t  is required to anchor  the  s t ruc ture  to the  bacterial 

envelope with a f i lamentous needle-like projection (composed of PrgI) 

th a t  protrudes ~ 5 0  nm from the  bacterial surface. InvG, PrgH and PrgK 

form the  base  of the  NC in a ratio of 1 :1 :1  (196, 229). The base  fea tures  

four distinct rings, two associated  with the  ou ter  m em b ran e  (ORl and 

0R2)  and two contacting the  inner m em b rane  (IRl and IR2) (Fig. 1.3 

(a))  (229).  The base  is t raversed  by a cylindrical inner rod (PrgJ) 

connecting the  needle to a socket  subs truc ture ,  stabilised by InvJ, a t  the  

neck of the  inner rings. Surface renderings of the  s t ruc tures  of the  base  

and needle  complex are  displayed in Fig. 1.3(b).

The assembly of the  a p p ara tu s  is a mult i-step process with the  

base  complex being constructed prior to the  addition of the  inner rod, 

socket  and needle com ponen ts  (197, 229) . Once fully assembled ,  the 

base  subs truc ture  (InvG, PrgH and PrgK) begins to function as  a 

secretion appara tus  devoted  to t ranspor t  of factors required to assem ble  

the  needle and inner rod subs truc tures .  Upon completion of the  NC, the 

specificity of the  machine chang es  and it becom es concerned with the  

export  of effector proteins (63, 197).

The d iam eter  of the  needle  complex forces effector proteins to 

pass  through in an unfolded s ta te .  There also s e e m s  to be som e 

semblance  of a hierarchy regarding the  order  in which the  effectors are  

secre ted  (63, 273, 356).  It is therefore  thought  tha t  a complex 

substra te-recognit ion sys tem  exists,  involving multiple signals and 

accessory proteins (317). All known T3SS effector proteins possess  

signal s equences  within the  first 20 -  30 amino acids, which are

19



a.

iJ
T3
Q)
O
Z

0^

fD
CO

ORl 
OR2 -> B  1

IRl
IR2 C

PrgI

InvG

PrgH
PrgK

b.

Base

Needle
Complex

FIG. 1.3. The needle complex and base of the SPI-1 encoded T3SS. The
needle complex is divided into two substructures. The base, embedded in the 
membrane, and the extracellular needle filament (a). The outer membrane 
associated rings (ORl and 0R2) are composed of the InvG protein, while the 
Inner membrane-associated rings (IR l and IR2) are composed of the PrgH and 
PrgK proteins. PrgI comprises the needle filament. Panel b displays surface 
renderings of the base and needle complex. The individual subunits within the 
inner rings are displayed while the outer rings appear smooth. The white bar 
in panel b indicates 208 A.  Reproduced and adapted from (229).
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thought to be involved in their targeting to the secretion apparatus (305, 

318). Upon secretion, these sequences remain unprocessed and 

attached to the mature protein. The stringency of substrate-specificity 

within the T3SS, the subject of much debate,  seem s to be supplied by 

somewhat generic signal sequences, made specific by the addition of 

chaperones and accessory proteins. These T3SS-associated chaperones 

are small, acidic, dimeric proteins, which unlike other chaperones lack 

ATP-binding or hydrolysing capabilities (105). In general, these 

chaperones bind a ~15 - 100 amino acid domain immediately 

downstream of the effector protein signal sequence (105). The proteins 

function to stabilise and target the effector to the translocation 

apparatus (118, 175, 213). Most chaperones are specific for a single 

effector, but some can facilitate the secretion of more than one effector 

protein (38, 89, 171, 337). An ATPase located at the base of the NC not 

only drives the export process, but also facilitates the release of effectors 

from chaperones before transport (3).

Finally, the effector proteins must be delivered into the host cell. 

A model was proposed in which the needle complex punctured the target 

cell membrane and injected proteins directly into the host cytosol (174). 

It has since been established that T3SSs need a set of effectors termed 

translocators, which insert into the target cell's membrane forming a 

channel through the membrane and a "dock" for the needle to complex 

with (142, 328). The needles of several T3SSs are thought to interact 

with this dock via an accessory structure at the tip, consisting of one 

protein. In 2009, Lara-Tejero et al. demonstrated that  the SPI-1 

effectors SipB, SipC, and SipD are required for the intimate association 

of S. Typhimurium strains with Henle-407 cells, indicating that these 

proteins form the translocase (207).
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1.5.6.1 Bacterial-promoted endocytosis

Entry of S. Typhimurium into cultured epithelial cells is achieved through 

actin cytoskeletal reorganization, membrane ruffling, and bacterial 

internalization by macropinocytosis (6 5 -7 0 ). These ruffles are brought 

about through the actions of at least five different effector proteins 

delivered by the SPI-1 T3SS. Unlike other bacterial toxins that modify 

target host cell proteins in a non-reversible manner, T3SS effectors 

seem to act by mimicking the function of host cell proteins (3 21 ). Many 

of the bacterial effector proteins do not share any sequence or structural 

similarity to their eukaryotic counterparts. The function of the main 

T3SS effector proteins including the Salmonella outer proteins (Sop) 

SopE, SopE2, SopB, the secreted protein tyrosine phosphatase SptP, 

and the Salmonella invasion proteins (Sip), SipA and SipC will be 

discussed below.

1.5 .6 .1 .1  Ind irect m anipulation of the actin cytoskeleton

The effector proteins SopE, SopE2 and SptP are capable of activating 

(SopE and SopE2) and inactivating (SptP) Cdc42 and Rac-1, members 

of the Rho-family of low-molecular-weight GTPases. Rho GTPases have 

two peptide regions, called Switch I and I I  that undergo conformational 

changes depending on the nucleotide bound (143). SopE and SopE2 are 

guanine nucleotide exchange factors that catalyse exchange of GDP to 

GTP (15, 41, 290, 325, 355). Upon translocation into the host cell, SopE 

binds and activates both Cdc42 and Rac-1. SopE2, however, has 

significant activity only towards Cdc42 and not Rac-1 (116 ). When GTP 

is bound, Rho GTPases are in an active state with Switch I and I I  in a 

conformation such that they can bind signalling molecules. This 

activation leads to recruitment of downstream effectors such as Wiskott-
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Aldrich Syndrome protein (WASP) family members N-WASP and WAVE, 

which mediate Arp2/3-dependent actin nucleation (3 3 9 ). Such 

remodelling of host actin near the cell surface produces the 

characteristic membrane ruffles that accompany bacterial entry.

1.5 .6 .1 .1 .1  SopB/SigD

SopB, also termed SigD for Salmonella invasion ^ene D (123 , 175), 

stimulates Cdc42 and RhoG indirectly by inducing changes in 

phosphoinositol metabolism through its inositol phosphate phosphatase 

activity (116 , 150, 269, 325, 360).

There is a general requirement for phosphatidylinositol-4,5- 

bisphosphate [PtdIns(4,5)P2] depletion at sites of phagocytosis and 

endocytosis (36 , 182). It  has been established that SopB is responsible 

for the elimination of PtdIns(4,5)P2 at the base of membrane ruffles 

(329 ). Patel e t al. have demonstrated that activation of RhoG by SopB 

occurs by a cellular exchange factor called SGEF (269). SGEF has a 

phosphoinositide-binding pleckstrin homology domain that is activated 

by the phosphoinositide fluxes that arise from the enzymatic action of 

SopB. Activation of Rho GTPases then results in the activation of the 

WASP family members N-WASP and WAVE2 which leads to recruitment 

of the actin-related protein-2/3 (A rp2/3) complex to sites of membrane 

ruffles and stimulation of actin polymerization (68, 307, 325, 339).

1 .5 .6 .1 .1 .2  SptP

The activity of effector proteins delivered by the SPI-1 T3SS is tightly 

coordinated in a temporal manner, allowing for the delivery of proteins 

with antagonistic functions (195 ). SptP is a GTPase activating protein 

(GAP), which catalyses the loss of the y-phosphate, during hydrolysis of 

GTP to GDP thus inactivating the Rho GTPases Cdc42 and Rac-1 (185).
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This enzymatic activity reverses the cytoskeletal changes induced during 

internalisation of Salmonella, restoring normal actin architecture at the 

site of bacterial entry (1 19 ). To facilitate regulation of actin assembly 

and disassembly, Salmonella exploit the host cell ubiquitin-mediated 

proteasome degradation pathway. The N-terminal secretion and 

translocation domain found in each protein determines the stability of 

each effector protein. SopE, for example, is ubiquitinated and rapidly 

degraded upon entry into host cells, while SptP is much more stable and 

persists (1 95 ). The relatively short-life of SopE as compared with the 

longevity of SptP ensures that SopE-induced actin rearrangements at 

the bacterial entry site can be restored to normal.

1.5.6.1.2 Direct manipulation of the actin cytoskeleton

In addition to the indirect reorganisation of actin by SopE/SopE2/SopB, 

Salmonella secrete effector proteins that can modulate actin dynamics 

directly. SipC and SipA proteins (also known as Salmonella secreted 

proteins, SspC and SspA) are two such effectors. These factors function 

in a cooperative manner to manipulate the processes of actin nucleation 

and polymerisation, which are required for membrane ruffling during 

bacterial invasion (237 , 238).

1.5 .6 .1 .2 .1  SipC

SipC is a 42-kDa protein involved in early bacterial entry of epithelial 

cells. SipC forms an essential portion of the translocon and is involved 

in the translocation of other effector proteins into the mammalian cell 

cytoplasm (120 , 355). I t  is itself secreted into host cells and becomes 

inserted in the epithelial plasma membrane (3 04 ). The SipC protein is 

multi-functional with individual functions being attributed to particular 

domains of the protein. The protein can be divided into three regions:
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the N-terminal domain, which is involved in F-actin bundling, a C- 

terminal domain that directly nucleates actin in vitro  and a middle 

hydrophobic, transm em brane region tha t is thought to form an integral 

part of the translocation apparatus pore (1 5 5 ) .  I t  has been reported that  

the C-terminal domain can be further divided into two regions: residues 

2 0 1 -2 2 0  are essential for actin nucleation while residues 3 2 1 -4 0 9  are 

required for effector translocation (4 8 ).

1 .5 .6 .1 .2 .2  SipA

The SipA protein, like SopE/E2 and SopB, is responsible for tight junction  

disruption during Salm onella  infection (3 7 ) .  SipA is involved in many  

different processes. I t  stabilises actin filaments by Inhibiting their  

depolymerization at early stages of infection (1 8 4 , 36 2 ). SipA also 

enhances SipC-induced actin nucleation and bundling (2 3 8 ) ,  and is 

capable of binding to F-actin (2 3 8 , 3 6 3 )  and G-actin, reducing the  

minimal concentration for G-actin polymerisation (3 6 3 ) .  I t  also 

promotes the actin-bundling activity of host T plastin at the site of 

bacterial/host contact (3 6 1 ) .  Furthermore, SipA locally inhibits 

ADF/cofllin- and gelsolin-directed actin-depolymerisatlon (75 , 23 7 )  thus 

stabilising the activities of other effector proteins. In addition, SipA 

contributes to bacterial localization in clusters In the invasion area, 

thereby facilitating bacterial uptake (3 6 2 ) .

1.6 Intracellular survival of Salmonella

When foreign bodies, such as bacteria, viruses and protozoa enter  

m am m alian cells they become encased in a lipid-based phagosome. 

Salm onella  that have been successful in invasion, reside within a 

vacuolar com partment named the spacious phagosome (5 ) .  The
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spacious pliagosome shrinks over the course of several min to several 

hours to form an adherent m em brane around one or more bacteria 

termed the Salm onella  containing vacuole (SCV). SCV-contained  

bacteria trigger events to maintain the SCV by preventing the delivery 

of antimicrobial host factors (e.g. free-radical generating complexes) 

through the modification of the host cell cytoskeleton and by impairing 

vesicular transport (1 9 8 ,  281, 338).

Phagosomes undergo biochemical changes inducing maturation  

and direction to the centriole of the host cell. Lysosomes are also 

trafficked to the centriole where they collide with the phagosomes, 

thereby killing the intra-phagosomal bacteria (4 0 ).  Salm onella, 

however, have the ability to prevent phagosomal maturation and thus 

avoid lysosomal killing (4 0 , 34 6 ).

Typical phagosomal maturation starts with the acquisition of the  

small GTPase Rab5 (2 8 6 ) .  Rab5 directs the stimulation of a 

phosphatidyl-inositol 3-kinase (P I3K ), the enzym e responsible for the  

generation of phosphatidyl-inositol 3-phosphate (P O P), which is 

required for phagosomal maturation (1 1 5 ) .  This enzym e in turn binds 

EEAl (early endosome-associated protein) and Hrs, which are  

responsible for bridging vesicles and forming multi-vesicle bodies, 

respectively (1 15 , 28 0 ).  Hrs also interacts with ubiquitylated proteins 

and triggers inner budding of vesicles in a process involving ESCRT 

(endosomal sorting complex required for transport) complexes (2 7 9 ) .  

Maturation of phagosomes is accompanied by the accumulation of LBPA 

(iyso-^/sfihosphatidic acid), and lysosomal glycoproteins LAMP-1 and -2  

(4 0 ) .  In the final stage of maturation, Rab5 and EEAl dissociate from  

the phagosome and are replaced by another GTPase, Rab7, which 

interacts with RILP (Rab-mteracting lysosomal protein) (4 4 , 34 3 ).  RILP 

bridges Rab7-containing vesicles with a dynein motor complex that  

powers the trafficking of phagosomes along microtubules to the centriole 

(44 , 152). This physical translocation facilitates the collision and fusion 

of phagosomes with lysosomes (1 5 2 ).
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The SCV has been shown to interact transiently with the early 

endocytic pathway and quickly gain and lose early endocytic markers, 

such as EEAl, and the early endocytic trafficking GTPases Rab5 and 

R a b ll (312, 322). The SCV displays many of the markers of phagosome 

maturation, however, SCVs undergo repeated cycles of POP formation 

and depletion (271). Several late endosomal markers are commonly 

associated with the SCV at later time points, including the GTPase Rab7, 

LAMPl, LAMP2, LAMP3 and the vacuolar ATPase (87, 124, 240, 322). 

There is conflicting data concerning the occurrence of M6PR (mannose- 

6-fihosphate receptor), LBPA and the lysosomal hydrolase, cathepsin D, 

on the SCV (40, 70, 124, 126, 153). Cholesterol has also been reported 

to accumulate on the SCV (40, 46). The presence or absence of different 

markers on the persistent SCV may indicate that they are variably 

detected rather than reflect whether or not the SCV has matured 

through a normal endocytic pathway.

Studies using various cell types have shown that the SCV acidifies, 

though this acidification can be delayed in both macrophages and 

epithelial cells (5, 87, 232, 284). Samonellae sense the acidic 

environment of the SCV, resulting in the induction of several different 

regulatory systems to promote intracellular survival. Some systems are 

involved in surface remodelling of the protein, carbohydrate, and 

membrane components of the bacterial envelope (5). These regulatory 

systems include OmpR/EnvZ, PhoP/PhoQ, RpoS/RpoE, PmrA/PmrB, 

Cya/Cyp and cyclic diGMP, all of which confer resistance to antimicrobial 

peptides and oxidative stress (74, 104, 160, 172, 211, 243, 257, 330).

Various studies have indicated that the phagosomal environment 

is acidic, with a pH range of <5 to 5.5 and a calcium/magnesium 

concentration of ~1 mM (5, 232, 284). The SCV also contains 

antimicrobial peptides and oxygen and nitrogen radicals that can 

damage the bacterial cell (5, 232, 284). Various studies have indicated 

that both pH and antimicrobial peptides are important signatures of the
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phagosomal environm ent and such conditions activate many of the  

regulators that are implicated in Salm onella  virulence (1 0 , 21, 242,  

277).

1.6.1 Survival within macrophages and systemic 

dissemination

Internalisation of the infecting Salm onella  within the SCV is followed by 

systemic spread through other target organs such as the spleen and 

liver. Several bacterial strategies have been reported to contribute to 

this systemic stage of the disease. Salm onella  induces epithelial cell 

death featuring the morphological changes of apoptosis including: 

maintenance of an intact plasma m em brane to prevent release of 

inflammatory intracellular contents. Membrane-bound apoptotic bodies 

can be taken up by phagocytes or neighbouring cells, allowing for 

degradation of cellular components in a generally noninflammatory  

process. This event is induced after prolonged exposure, at least 12 

hours after in vitro infection (1 0 8 ) .  Induction of apoptosis in epithelial 

cells involves caspase-3 as well as the SPI-2 encoded T3SS (1 0 8 ) .  The  

effector SpvB is reported to induce epithelial cell death as a result of the 

actin depolymerization activity expressed by this plasmid-encoded  

protein, though the mechanism remains to be elucidated (2 0 1 ) .

Another Sa/mone//a effector, SIrP, has been reported to contribute 

to epithelial cell death (2 4 2 ) .  SIrP was initially characterised as a leucine- 

rich repeat protein involved in in vivo colonisation of mice (3 3 5 ) .  More 

recent studies, however, have demonstrated that SIrP promotes cell 

death by two complem entary interactions with Trx and with Erdj3 (2 6 ) .  

SlrP is an E3 ubiquitin ligase, which interacts with m amm alian  

thioredoxin-1 (Trx), a protein involved in stimulating cell growth and 

inhibiting apoptosis. SIrP has also been reported to interact with Erdj3,
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a member of the Hsp40/DnaJ family of chaperones. This interaction Is 

thought to promote accumulation of unfolded proteins, a process that 

can eventually induce apoptosis (26 ).

When S. Typhimurium cross the basolateral membrane of 

intestinal epithelial cells, they are m et by neutrophils and macrophages. 

These professional phagocytes engulf the Salmonella, encasing them in 

a SCV; this time composed of macrophage/neutrophil membrane. It  is 

the ability of S. Typhimurium to survive with murine macrophages that 

leads to bacterial dissemination and systemic infection. Salmonella can 

cause macrophage death in several different ways (340). This effect is 

thought to enable bacterial systemic dissemination throughout infected 

organs by incoming uninfected macrophages engulfing either infected 

dying cells or bacteria released by these cells into the extracellular space 

(1 38 ). This process is termed pyroptosis and is dependent on the 

inflammasome, a multiprotein complex that mediates activation of 

caspase-1, which in turn leads to proteolytic activation of IL - ip  and IL- 

18. These two cytokines play central roles in acute and chronic 

inflammation and potently stimulate recruitment of immune cells, 

contributing to the inflammatory outcome of programmed cell death 

(108).

SipB, a member of the SPI-1 encoded T3SS translocon system, 

mediates early pyroptosis. SipB binds to caspase-1 and acts as a 

cytotoxic effector (170, 297). In macrophage cells deficient in caspase- 

1 production, rapid cell death does not occur and takes as long as 3 h 

(169 ). This caspase-1 independent programmed cell death is also 

dependent upon SipB (169). The effector is thought to bring about cell 

death as a consequence of its ability to induce autophagy by damaging 

macrophage mitochondria (169).

In the absence of a functional SPI-1, S. Typhimurium is still capable 

of promoting caspase-l-dependent macrophage killing through the use 

of the SPI-2 and spv loci in a process that takes up to 24 h (39, 248, 

340). This delayed form of Salmonella-Induced cell death also requires
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the protein kinase PKR and activation of Toll-like receptor 4 on 

macrophages by bacterial LPS (176 ). PKR is required for the promotion 

of bacterial-induced apoptosis (178 ). The SPI-2-encoded T3SS is 

essential to push this balance in favour of apoptosis, however, the 

effector proteins involved remain poorly characterised.

1.7 Coordinate Regulation of virulence

To survive each stage of invasion. Salmonella must adapt to a series of 

ecological pressures. Each new environment encountered can be defined 

in terms of specific parameters including tem perature, nutrient 

availability, osmotic pressure, oxygen status, and pH. The bacterium  

must sense its environment and then communicate this information to 

the DNA. The cell modulates its gene expression profiles in a manner 

that enhances the fitness of the bacterium within that specific 

environment. This requires the coordinated control of the expression of 

a large number of genes using complex regulatory networks.

Regulatory networks interact and overlap to switch distinct sets of 

genes on and off in response to the environmental stimuli present. As 

discussed, S. enterica encode two distinct TBSSs, operating at different 

steps of the infection cycle. The expression of these systems is, 

therefore, differentially regulated. The SPI-1 T3SS is stimulated by 

environmental queues present in the intestinal tract (high osmolarity, 

low O2 levels), whereas the expression of the SPI-2 T3SS is stimulated 

by conditions present within host cells (low Mg^+ concentration and 

acidic pH) (14, 125, 212).

The extremely complex regulation of SPI-1 genes depends on the 

balance between the interactions of the regulators encoded both inside 

and outside of the island (218, 219). Four transcriptional regulators, 

HilD, HilC, HilA and InvF are encoded within SPI-1 and act in an ordered 

fashion to activate expression of the SPI-1 T3SS (13, 90 , 303).
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Expression of the hilA gene is controlled by the combined action of three 

AraC-like transcriptional activators (303 ). hilC and hilD are encoded 

within SPI-1, while rtsA is encoded within an independent island (94, 

303). Each activator can bind to the hilA promoter and activate its 

expression and can also significantly induce its own expression as well 

as activate the other regulators (34, 93 ). HilC and HilD can also activate 

a subset of SPI-1 genes independently of their positive regulation of hilA 

(2 ). HilD can also induce expression of the SPI-2 genes by direct binding 

of the ssrAB promoter (the most important and essential regulatory 

system required for SPI-2 gene expression) (4 2 ). HilC, HilD, and RtsA 

can also activate InvF expression in a /i/M -independent manner by direct 

interaction with an alternative /r?î F promoter (34 , 94 ).

HilA plays the central role in Invasion not only because all of the 

regulatory systems and environmental signals affect its expression, but 

also because a deletion of hilA has been shown to be phenotypically 

equivalent to a deletion of the entire SPI-1 locus (7 , 14, 93, 95 ). HilA 

activates all of the operons encoding the functional SPI-1 T3SS Including 

the prg/org  and inv/spa operons which are activated by a direct binding 

of HilA to their promoters, and the sic/sop operons which are induced 

via the activation of InvF (13, 14, 76 ). HilA also activates expression of 

the s/7 operon of SPI-4 (Section 1 .5 .3 ) as well as the sigD operon of SPI- 

5 (128, 189, 223, 332). A schematic of some of the virulence regulatory 

networks is displayed in Fig. 1.4.
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FIG. 1.4. Diagram of some of the virulence regulatory networks of 
Salmonella. Green arrows indicate activation or autoactivation while the red 
blunt arrows indicate repression. The blue boxes display nucleoid associated 
proteins, while the peach circles surround regulators that play a major role in 
invasion. The purple boxes indicate two-connponent regulatory systems. 
PhoP/Q activates expression of a number of genes involved in systemic 
virulence, including pagN. Adapted from (218).
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1.7.1 The PhoP/PhoQ Two-Component System

The PhoP/Q two-component system is required for intracellular survival 

within both macrophages and epithelial cells (29 , 106, 135). The genes 

phoP and phoQ  form an operon encoding a two-component regulatory 

system consisting of a membrane-located sensor/kinase domain (PhoQ) 

and a cytoplasmically located response regulator (PhoP) (136 , 243). In 

response to specific signals PhoQ, the membrane-located sensor, 

adjusts the phosphorylation state of the cytoplasmically-located DNA- 

binding protein PhoP, thereby increasing its DNA-binding capabilities 

(45 , 47, 249). Three different cues have been proposed to activate the 

PhoP/Q system inside macrophages: a mild acidic pH (6, 11, 277), 

antimicrobial peptides (1 1 ), and low Mg^+ (1 34 ). In the presence of high 

Mg2+ concentrations the system is switched off, while at lower levels, 

such as those found within macrophages, the system is switched on and 

regulates the expression of over 100 genes in S. Typhimurium, 

representing ~ 4 %  of the Salmonella genome (366 ). Genes that are 

activated are referred to as pags (PhoP-activated genes) while those 

that are repressed are called prgs (PhoP-repressed genes).

PhoP/Q controls virulence determinants both directly and 

indirectly by regulating the expression of several transcriptional factors 

required for S. Typhimurium virulence, such as PhoP/Q itself (3 1 6 ), SsrB 

(2 9 ), SlyA (2 58 ), PmrA (1 93 ), RpoS (3 3 6 ), and HilA (14 ). SsrB is the 

response regulator of the SsrA/B two-component system and as such is 

responsible for the activation of SPI-2 encoded genes. PhoP/Q indirectly 

controls expression of SPI-2 as PhoP binds to the ssrB promoter thereby 

activating transcription. PhoP/Q also activates the transcriptional 

regulator, SlyA (258, 308). SlyA belongs to the MarA family of 

transcription factors. These homodimeric, winged-helix transcription 

factors control their DNA binding activity via interactions with small
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molecules within a cleft formed at the junction between the subunits 

(1 33 ). SlyA induces transcription of the SsrA sensor kinase by binding 

to the ssrA promoter (2 6 5 ). SlyA-regulated genes such as pagC, pagD, 

ugtL, m ig-14, virK, phoN, pgtE, pipB2, sopD2, pagJ and pagK  are also 

controlled by the PhoP/Q system (255).

1.8 Overview of thesis

The Sa/mone//a-specific gene pagN  has been somewhat characterised at 

the DNA level in the context of the Salmonella chromosome and at the 

protein level. The aim of this thesis is to further characterise the PagN 

proteins of S. Typhimurium and S. Typhi. Functional studies were 

performed to determine the contributions of each of the extracellular 

loops of the protein to adhesion and invasion of epithelial cells such as 

Chinese hamster ovary (C H O -K l) and human HT-29 colonic cancer cells. 

Several charged amino acids located in the second extracellular loop of 

the protein were mutated to a neutral alanine residue to determine their 

involvement in promoting PagN-mediated phenotypes. Adhesion and 

invasion of mammalian cell monolayers was monitored using the 

gentamicin protection assay (GPA) and through a high-throuput 

fluorescent microscopy assay developed and optimised for this thesis. 

Initial work was also completed to characterise the cell-surface receptor 

to which PagN binds using siRNA techniques to knockdown expression 

of the proposed PagN receptor molecule followed by monitoring of 

expression levels through qRT-PCR and finally detecting invasion via the 

HCA.
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Chapter 2 Materials and Methods

2.1 General Methods

2.1.1 Bacterial strains and culture conditions

2.1.1.1 Bacterial strains

All bacterial strains used in this study were derivatives of S. enterica 

serovar Typhlmurium strain SL1344, and Escherichia coli strain K-12 and 

are listed in Table 2.1. Permanent stocks were maintained in L broth 

supplemented with 8 .7%  (v /v ) DMSO and stored at -8 0  °C.

Table 2.1. Bacterial strains used in this study.

Strains Relevant details Reference or source

S, Typhlmurium

SL1344 Wild-type mouse-virulent ATCC

ML6

MLS

strain, Str*^

SL1344 invAwcat, Cm'  ̂ (203)

SL1344 pag/V::spc, Spc'  ̂ (203)

Escherichia coli

DHSa P endAl hsdR17 (rk'rrik'*') Invitrogen

glnV44 thi-1 recAl gyrA 

(N ar) relA l A(lacIZYA- 

argF)U169 deoR (08OdlacA 

(lacZ)M 15)

DHSaZl P/ac/^, PN25-tetR, deoR, supE44, (220 ) 

A(iacIZYA -argF)U l 69,

(08OdiacA (iacZ)M 15),

3S



XL-1 Blue

MC4100

LT004

hsdR17(rK- mK+), recAl, F' 

endAl, thi-1 recAl gyrA96 

(Nar) relAl

recAl endAl gyrA96 thi-1 Stratagene 

hsdR17 supE44 relAl lac [F' 

proAB lac^ZAMl 5 Tn 10

(Ter)]
F araD139A{argF-lac)U169 (272) 

rspLlBO relAl flbB5301 

fruA25 deoCl ptsF25 

CFT073 cobS::f(PLtetO-l- (35) 

gfp+),

2.1.1.2 Bacterial growth media

All media were prepared using Millipore 18 MQcm'^ grade water and 

chemicals obtained from Sigma-Aldrich. Media were sterilised by 

autoclaving at 120 °C for 20 min prior to use. Additives not suitable for 

autoclaving were sterilised by filtration through 0.2 î m Millex filters 

(Millipore). The quantities listed below are sufficient for 1 litre of 

medium.

Lennox L broth and agar:

L broth and agar were used throughout this study for the routine 

culturing of all Gram-negative bacterial strains except where otherwise 

stated.

L broth: 10 g tryptone, 5 g yeast extract, 5 g NaCI

L agar: 10 g tryptone, 5 g yeast extract, 5 g NaCI,

15 g bacteriological agar
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Minimal Media 5.8 (MM5.8):

MOPS [3-(N-morpholino)propanosulfonic acid] minimal medium, 

adjusted to pH 5.8 with HCI (MM 5.8), is a low pH, minimal medium 

adapted from media previously described by Neidhardt et al. (256) and 

Kox et al.. (193). It  is used to simulate conditions inside a macrophage 

and has been shown to activate transcription of SPI-2 and PhoP- 

activated genes (193).

lOX MOPS solution: 83.7 g MOPS, 7.2 g Tricine, 0.03 g FeS04.7H20,

5 g NH4CI, 0.5 g K2SO4, 1 ml CaCb (50 mM), 73.05 g 

NaCI, 10 ml micronutrients (see below), adjust to 1 L 

with dH2 0 .

Micronutrients: (NH4)s(M07)24, 3 nM; H3BO3, 400  ^M; C0 CI2, 30 ^M;

CuS04, 10 ^M; MnCh, 80 ^M; ZnS04, 10 ^M

MM 5.8: 100 ml lOX MOPS, 0.23 g K2HPO4, 20 ml glycerol, 1 g

Casamino acids, adjust volume to 1 L with dh20.

The solution was adjusted to pH 5.8 with HCI (1 M)

After filter-sterilisation, 50 1̂ of filter-sterilised MgCb ( IM )  was added.

2.1.1.3 Bacterial culture conditions

Bacteria were routinely grown on L agar plates and in aerobic liquid 

cultures shaken at 200 rpm at 37 °C, except where otherwise stated. 

Liquid cultures were inoculated by transferring single colonies from agar 

plate cultures into an appropriate volume of L broth and grown 

overnight. Where mid-logarithmic cultures were required, overnight 

cultures were diluted in fresh media to an optical density of 0.05 at 600  

nm and grown to the appropriate phase.
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2.1.1.4 Antibacterials and media additions

All media additives including stock antibacterials were filte r sterilised 

using an 0.2 |jm Millex filte r (Millipore) and stored at -20 °C. Where 

appropriate, antibacterials were added to media at the following 

concentrations: Carbenicillin (Car) 50 pg/mi, Kanamycin (Kan) 50 

pg/m l, Chloramphenicol (Cm) 30 pg/m l, and Spectinomycin (Spc) 100 

pg/mi. Anhydrous-tetracycline (Sigma-Aldrich) at a concentration of 0.2 

pg/ml was added to cultures of E. coli to induce expression of gfp+  from 

the P ite to -i promoter. The lac operon inducer IPTG was prepared as a 

100 mM stock and used at a concentration of 1 mM.

2.1.2 Eukaryotic cell lines and growth conditions

2.1.2.1 Eukaryotic cell lines

All eukaryotic cell lines used were obtained from Sigma-Aldrich (United 

Kingdom). The mammalian cell lines used were CHO-Kl (ECACC 

85051005) and HT29 (ECACC 91072201). Stocks of all cell lines were 

maintained in cell freezing medium/DMSO (Sigma-Aldrich) under liquid 

nitrogen.

2.1.2.2 Cell growth conditions

CHO-Kl cell lines were grown in a 1:1 mixture of DMEM/Ham's F12K 

medium with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium 

bicarbonate, supplemented with 10% (v /v) heat-inactivated foetal 

bovine serum (Sigma-Aldrich). HT-29 cells were grown in McCoy's 5a 

medium with 2 mM L-glutamine supplemented with 10% (v/v) heat- 

inactivated fetal bovine serum (Sigma-Aldrich). Cells were routinely
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cultured in 75 cm^ flasks at 37 °C in 5%  CO2 . Confluent monolayers 

were disrupted by treatm ent with a trypsin/EDTA solution (Sigma- 

Aldrich) and diluted into fresh medium.

2.1.3 Plasmids and oligonucleotides

2.1 .3 .1  Plasmids

All plasmids used in this study are listed in Table 2.2 along with relevant 

descriptions and sources. For plasmids constructed during this study the 

details of construction are described in the relevant chapters.

TABLE 2 .2 . Plasmids used in this study

Plasmid Relevant Details Source or Reference

pACYC177 Empty vector, Km'  ̂ Ap'^

pBSKII

pCMOl

pD103A

pD97A

pET19b

pHek6

pK99A

New

BioLabs

Stratagene

England

ColEl replicon, Ap'^

PACYC177 plasmid (2 53 )

containing Pueto-i-gfp'^cmR

inserted in the bla gene

Ap  ̂ pagN  (D103A) ORF in (2 03 )

pTrc99a

Ap*- pagN  (D97A; ORF in (203 ) 

pTrc99a

N-terminal His-tag, T7 Novagen 

promoter, Ap̂ ^

866 bp of RS218 DNA (103 ) 

carrying the hek gene 

cloned into pBSKII,Ap’̂

Ap  ̂ pagN  (K99A) ORF in (2 03 ) 

pTrc99a
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pKMOOl

p L O O p l A 1 6 - 4 5

p L O O p l A 1 8 - 4 2

pLOOp2A71-96

pLOOp2A74-96

p L o o p 3 Ai27-

153

pLoop3Ai3i-

150

pZepOS plasmid derivative (35) 

containing Piteto-i-gfp^cmR 

Ap*" Derivative of pM Ll with (204) 

the DNA sequence 

corresponding to the first 

loop o f the PagN protein 

replaced w ith CGCGCG 

pagNsTM gene in pTrc99a, This study 

the DNA sequence 

corresponding to the firs t 

loop o f the PagN protein 

replaced w ith CGCGCG, Ap*"

Ap'" Derivative of pM Ll with (204) 

the DNA sequence 

corresponding to the second 

loop o f the PagN protein 

replaced w ith CGCGCG 

pagNsTM gene in pTrc99a, This study 

the DNA sequence 

corresponding to the second 

loop o f the PagN protein 

replaced w ith CGCGCG, Ap'"

Ap*" Derivative o f pM Ll with (204) 

the DNA sequence 

corresponding to the third 

loop of the PagN protein 

replaced with CGCGCG 

pagNsTM gene in pTrc99a, This study 

the DNA sequence 

corresponding to the th ird
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p L o o p 4 Ai82-

207

pLoop 4 Ai84-

205

pMLl

pML4

pR93A

pSPl

pSP4

pSP5

pSP8

pTrc99a

loop of the PagN protein 

replaced with CGCGCG, Api"

Ap*" Derivative of pMLl with (204)

the DNA sequence

corresponding to the fourth

loop of the PagN protein

replaced with CGCGCG

pagNsTM gene in pTrc99a, This study

the DNA sequence

corresponding to the fourth

loop of the PagN protein

replaced with CGCGCG, Ap'̂

pagNsTM gene in pTrc99a (205)

Ap'" pagN  ORF inserted into (205 ) 

pBSKII

Ap-- pagN  (R93A) ORF in (203) 

pTrc99a

pagNsTY ORF in pTrc99a This study 

pTrc99a containing Pueto-i- This study 

gfp-^cmR inserted in the bla 

gene

pMLl containing Pueto-i- This study

gfp"^cmR inserted in the bla

gene

p ag N s T M  ORF in pBSKII, This study 

under the constitutive Phek 

promoter

Empty vector plasmid (8) 

containing an IPTG inducible 

promoter, Ap̂ ^
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2.1.3.2 Oligonucleotides

The sequences of all oligonucleotides used in this study are listed in 

Table 2.3. All oligonucleotides were synthesised by Metabion, 

Martinsried, Germany.

TABLE 2.3. Oligonucleotide primers used in this study
Primer Sequence

GAPDHfwd 5'

GAPDHrev 5'

LooplFwd 5'

Loop1Rev 5'

Loop2Fwd 5'

Loop2Rev 5'

Loop3Fwd 5'

Loop3Rev 5'

Loop4Fwd 5'

Loop4Rev 5'

pHek6 5'

Inverse Fwd

pHek6 5'

Inverse Rev

PagNdATG 5'

Fwd

PagNHis fwd 5'

PagNHis rev 5'

Phek fwd 5'

Phek rev 5'

Phek Ncol fwd 5'

Pho -  GCA GGC GTT TTT GGC GGG GTT G -  3'

Pho -  GCG GAC ATT GAC TAG GGA TGT GGC G -  3' 

Pho -  GGA GAG GTG GGA ATG AGG ACT TAG -  3' 

Pho -  GGG ACC TGT GAA AGT GGT ATG GAG -  3' 

Pho -  GGA AAC TTT GCG TGG GGG GCA GG -  3' 

Pho -  GGG GTT CAC ATG AGG GAG GCG -  3'

Pho -  GCA GCG TCG AAT GAC TTC ATG CTC -  3 

Pho -  GCG TAG TTT GCG AGC ATT AAT GTA T -  3' 

CAT TTC AAT TAT CTC CAT TAT TGT ATG -  3'

GAC ACT GGT GGT GAA GGA TAT GGA ATT C -  3'

5' -  AAA AAC TTT TTC GCA GTC TG -  3'

Pho -  ATG AAA GGC GTA AGT AAT GCG GAG -  3'

TCA GTG -  3'
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Phek Ncol rev 5' -  CAC TGA AAC AAA AAC CTT ATC CAT GGC AAT TAT CTC 

CAT TAT -  3'

PlCobKM 5' -  GTG ACG GGG GGC GCA CGG AGC GGG AAG AGT GCG

CAC GCA AGC CTG GGG TAA TGA CTC TCT AG -  3' 

P2CobKM 5' -  CAG CGT ATC GCC CGT TTG CGC GCC CAG CGT ACG

TTT GAG ACG TCA TTT CTG CCA TTC ATC -  3'

pigfp 5' - GCC TGG GGT AAT GAC TCT CTA GC - 3'

p2gfp 5' - CGT CAT TCC TGC CAT TCA TCC -  3'

T2544Fwd 5' - CGC CCC ATG GAA AAC TTT TTC GCA ■- 3'

T2544Rev 5' - GGC GTG GAT CCT TAA AAG GCG TAA GTA ATG C -  3'

XYLT2Fwd 5' - GCT CTA AGG CCC GAA CA -  3'

XYLT2Rev 5' - CCT GGA AAC TCT GCA TGG GT -  3'
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2.2 Nucleic acid methodologies

2.2.1 Transformation of Salmonella and E. coli 
strains

Two distinct strategies were used to introduce foreign DNA including 

plasmids and PCR products into bacterial cells. Cells were made 

competent either by repeated washing in an ice-cold calcium chloride 

solution or ice-cold sterile water and then transformed by heat-shock 

(226 ) or electroporation (8 6 ), respectively. Significantly greater 

transformation efficiencies were achieved using the electroporation 

method. The calcium chloride method was used to transform plasmids 

that had been PCR amplified using the QuikChange I I  Site-Directed  

Mutagenesis Kit (Agilent Technologies).

2.2.1.1 Transformation of E. coli strains using calcium 

chloride method

A 5 ml culture of the strain to be made chemically competent was 

inoculated from a single colony into L broth and incubated overnight with 

shaking. This culture was sub-inoculated to an ODeoonm of 0 .05 in 100 

ml of fresh L broth containing suitable antibiotic. Bacteria were grown to 

an ODeoonm of 0.4 to 0 .6  at 37 °C with shaking. The cultures were then 

incubated on ice for 20 min and the bacteria were harvested by 

centrifugation at 6 ,000x g for 10 min. The pellet was resuspended in 20 

ml of cold CaCb solution (60  mM CaCb, 15%  (v /v ) glycerol, 10 mM 

PIPES, pH 7) and harvested by centrifugation as before. This pellet was 

resuspended in 20 ml ice-cold CaCh solution and incubated on ice for 30 

min before harvesting the bacteria as before. The pellet was then 

resuspended in a final volume of 4 ml of cold CaCb and incubated 

overnight on ice before aliquoting 100 |il volumes and stored at -8 0  °C.
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Competent bacterial cells (100 jal) were mixed with between 50 ng and 

1 ng of plasmid DNA and incubated on ice for 10 min. The cells were 

then transferred to a 42 °C water bath and incubated fo r 90 s, thus 

inducing the uptake of the DNA. Cells were immediately transferred to 

ice. Following a 1 min incubation on ice the cells were mixed with 1 ml 

of pre-warmed SOC broth or L broth and incubated at 37 °C for 1 h to 

allow expression of plasmid-borne antibiotic resistance genes. Aliquots 

of 1 |il, 10 |il, 100 |il and 889 |al of the transformation m ixture were 

spread on selective L agar plates and transformants were single colony 

purified onto fresh L agar plates following growth overnight at 37 °C.

2.2.1.2 Transformation of E. coli and S. Typhimurium strains

by electroporation

A 5 ml culture of the strain to be made electrocompetent was inoculated 

from a single colony into L broth and incubated overnight with shaking. 

This culture was then sub-inoculated to an O Deoonm  of 0.05 in 100 ml of 

fresh L broth containing the requisite antibiotic. Bacteria were grown to 

an O Deoonm  of 0.4 to 0.6 at 37 °C with shaking. The cultures were then 

incubated on ice for 20 min. Bacteria were harvested by centrifugation 

at 6,000x g for 20 min. The pellet was resuspended in 20 ml sterile ice- 

cold water. Bacteria were harvested as before, resuspended in 10 ml 

ice-cold water, and harvested again. The pellet was resuspended in 

sterile ice-cold 10% (v/v) glycerol, harvested at 6,000x g for 10 min and 

resuspended again in ice-cold 10% (v /v) glycerol to a final volume of 

200 |il. 50 |al aliquots were stored at -80 °C.

Electro-competent bacteria (50 |il) were mixed with between 50 

ng and 2 îg of DNA (in a volume not exceeding 4 |il) and immediately 

transferred into a cold electroporation cuvette (BioSmith, 0.2 cm 

electrode width). The electroporation was carried out in a Bio-Rad gene 

pulser at 12.5 kVcm '^ 25 (aF and 200Q. The bacteria were quickly mixed 

with 1 ml of pre-warmed SOC broth or L broth and incubated at 37 °C
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for 1 h to allow expression of plasmid-borne antibiotic resistance 

markers. Aliquots of 1 |il, 10 )il, 100 |il and 889 |al of the transformaton  

mixture were spread on selective L agar plates and transformants were 

single colony purified onto fresh L agar plates following growth overnight 

at 37 °C.

2.2.2 A Red-mediated allele replacement

The inactivation of chromosomal genes involved a two-step process 

whereby mutated alleles were constructed in vitro and transferred to the 

bacterial chromosome using an allele-replacem ent system based on the 

gene products of the X phage red operon (7 8 ). This system is based on 

the ability of the gam, bet and exo gene products to inhibit the 

Exonuclease V activity of RecBCD thereby allowing the transformation 

of linear DNA fragments and promoting homologous recombination at 

regions of homology between the chromosome and the transformed 

linear DNA fragment. The X-phage redyfia operon used was located on 

the pKD46 (5 1 ) plasmid under the control of the L-arabinose-inducible 

P b a d  promoter. This plasmid has a tem perature sensitive replicon, which 

permits plasmid replication at 30 °C but not at higher temperatures. The 

plasmid also confers resistance to the antibiotic carbenlclllin.

2.2.2.1  A Red- mediated allele replacement in E. coli

E. coli XL-1 Blue bacteria lack a functional recA gene. The lack of a recA 

gene makes this strain less receptive to the Red system. The E. coli 

strain MC4100 does not contain the recA mutation, and Is easier to 

manipulate using this system. Briefly, bacteria harbouring the plasmid 

pKD46 were grown to an ODeoonm of 0.2 - 0 .4  at 30 °C in the presence 

of 50 |ig/ml carbenicillin. Expression of the Red a, p and y proteins wes 

Induced by addition of 0 .2 %  L-arablnose. The induced bacteria were
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grown for a further 2 h and made electrocompetent (Section 2.2.1.2). 

These electrocompetent bacteria were then transformed with 500 ng - 

1 tag of purified linear DNA comprised of the PCR amplified gene and 

antibiotic resistance cassette along with 35 nt corresponding to the 

flanking region of the gene to be disrupted. After electroporation, 

bacteria were subsequently incubated for 1 h at 37 °C to allow recovery 

of the bacteria, expression of the antibiotic resistance markers, and to 

promote loss of the pKD46 plasmid. Cells were spread on L agar plates 

containing the appropriate antibiotic. All subsequent steps were carried 

out at 37 °C in the absence of carbenicillin to ensure rapid loss of the 

pKD46 plasmid. Putative mutants were single-colony purified and then 

screened for the presence of the novel mutant allele by PCR. Loss of the 

pKD46 plasmid was confirmed by testing for carbenicillin sensitivity on 

agar containing the antibiotic.

2.2.3 Purification of plasmid and chromosomal DNA

2.2.3.1 Small-scale purification of plasmid DNA

The GenElute Plasmid Miniprep kit (Sigma-Aldrich) was used for the 

routine purification of plasmid DNA from overnight bacterial cultures. 

Purification was carried out according to the manufacturer's instructions 

using a modified alkaline lysis method. Briefly, bacteria from a 5 ml 

overnight culture were harvested by centrifugation and resuspended in 

a buffer containing RNase A to degrade RNA before being lysed using an 

alkaline SDS-lysis solution to degrade proteins, chromosomal DNA, and 

plasmid DNA. The solution is rapidly neutralized which causes the 

plasmid DNA to reanneal while the chromosomal DNA forms a white 

precipitate. The lysate was cleared by centrifugation to remove cellular 

debris and chromosomal DNA. The soluble plasmid DNA was adsorbed 

onto silica in the presence of high-salts. Contaminants were removed by
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a spin-wash step and the bound DNA was finally eluted In water or Tris- 

EDTA buffer.

2.2.3.2 Large-scale purification of DNA

The Qiagen Plasmid Midi kit was used to purify plasmid DNA from 100

ml overnight cultures of E. coli according to the manufacturer's 

instructions. Purification was carried out using a modified alkaline lysis 

similar to that described above. Bacteria were lysed as before, and the 

cleared lysate was passed through a cation-exchange column to bind the 

re-natured plasmid DNA. The column with bound DNA was washed 

repeatedly and the DNA was eluted In a high-salt buffer. The DNA was 

further purified and desalted by precipitation with Isopropanol and 

resuspended in ddHaO.

2.2.4 in vitro manipulation of DNA

2.2.4.1 Restriction endonuclease digestion of DNA

All restriction digests were carried out using enzymes supplied by New 

England Biolabs (NEB) according to the manufacturer's instructions. 

Briefly, 10 ng to 2 ng of purified DNA was incubated with 10 U of 

restriction enzyme in the appropriate NEB buffer for 1 h at 37 °C. Digests 

with multiple enzymes were carried out in the recommended double 

digest buffer or in an appropriate buffer in which all enzymes had 100% 

activity. Where no suitable buffer was available sequential digests were 

performed.

2.2.4.2 Purification of DNA fragments
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Following digestion with restriction endonucleases or PCR amplification, 

linear DNA fragments were purified directly from solution or from an 

agarose gel slice using the GenElute Gel Extraction Kit or GenElute PCR 

Clean-up kit (Sigma-Aldrich). To purify PCR amplified DNA fragments 

from solution, 5 volumes of Binding Solution were added to 1 volume of 

the PCR reaction mixture and mixed by vortexing. The solution was then 

added to a spin column where the DNA fragments bound to a silica 

matrix. Salts, enzymes and unincorporated nucleotides were removed 

in 2 subsequent wash steps. Purified DNA was eluted from the column 

in Tris-EDTA buffer.

Purification from an agarose gel slice used a sim ilar protocol. The 

gel slice was first melted at 56 °C in 3 gel volumes of gel solubilisation 

solution. One gel volume of isopropanol was added prior to binding of 

the DNA. DNA was bound, washed, and eluted as before.

2.2 .4 .3  Ligation of DNA fragm ents

The T4 DNA Ligase was used to catalyse the formation of a 

phosphodiester bond between the exposed 5' phosphate and 3' hydroxyl 

groups of linear DNA fragments in an ATP-dependent fashion (97). These 

ligations were carried out using the Quick Ligation kit (NEB) and were 

routinely used for the cloning of DNA fragments into appropriate plasmid 

vectors.

50 ng of digested vector DNA was mixed with a three-fold molar 

excess of digested insert in a total volume of 20 |il, and mixed with 2 |il 

of 10 X Quick Ligation Reaction Buffer. 1 |al of Quick T4 DNA Ligase was 

added, and the reaction was incubated at room temperature for 20 min. 

The ligated DNA molecules were then transformed into either calcium- 

chloride or electrocompetent E. coli XL-1 Blue or DH5o cells. Where 

calcium-chloride competent cells were used, the whole ligation reaction 

was directly transformed. For electrocompetent cells, the ligated DNA
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was concentrated by pellet-paint precipitation (Section 2 .2 .4 .5 )  prior to 

electroporation.

2.2 .4.4  Agarose gel electrophoresis

DNA samples were visualized following separation on a 1 - 2 %  agarose  

gel, depending on the size of the DNA. Briefly, for a 1%  gel, agarose (1 

g) was added to 100 ml of 0 .5X  TBE buffer (4 4 .5  mM tris borate, pH 8 .3 ,  

1 mM EDTA) and heated to 100 °C to dissolve the agarose. Safe View  

nucleic acid stain (Bi-Med, Malahide, Ire land) was added to a final 

concentration of 1 lag/mi, and the molten gel was poured into a gel 

mould and allowed to set. DNA samples were prepared by adding an 

appropriate volume of 5x sample loading buffer (25  mM Tris HCI pH 7 .6 ,  

3 0 %  (v /v )  glycerol, 0 .1 2 5 %  (w /v )  bromophenol blue) and these 

samples were electrophoresed through the gel at 120 V for 60 min in 

0 .5 X  TBE buffer.

2.2.4.5 Purification of DNA samples from solution by Pellet 

Paint and ethanol precipitation

For concentrating dilute DNA samples. Pellet Paint®  Co-Precipitant was 

routinely used. Pellet Paint®  Co-Precipitant is a visible dye-labelled  

carrier formulated specifically for use in alcohol precipitation of nucleic 

acids. 6 |il of Pellet Paint®  Co-Precipitant was added to DNA solution 

followed by 0.1 volumes of 10 x Reaction Buffer and 2 .5  volumes of ice 

cold 8 5 %  ethanol. The samples were vortexed briefly and incubated at 

-2 0  °C for 20 min. Precipitated DNA was collected by centrifugation at 

1 2 ,1 0 0 x  g for 10 min. DNA was subsequently washed with 7 0 %  ethanol, 

harvested as before, and dried for 5 min at 37 °C. The dried DNA pellet 

was resuspended in an appropriate volume of ddH2 0 .
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2 .2.5 Polymerase chain reaction

Polymerase chain reaction (PCR) was used for the amplification of 

specific DNA fragments for use in cloning reactions, and for the 

confirmation of constructed plasmids and mutant alleles. PCR is based 

on the ability of certain thermostable DNA polymerases to synthesize a 

new DNA strand complementary to a provided single-stranded, 

denatured DNA template, when primed with specific complementary 

oligonucleotides (293). The procedure involves successive rounds of 

thermal denaturation of a double-stranded DNA template, hybridization 

of two complementary oligonucleotides (primers) and synthesis of the 

new DNA strand by the DNA polymerase. The primers are designed to 

be complementary to opposite strands at either end of the fragment to 

be amplified and orientated such that their 3' ends face each other. The 

new DNA strand is synthesized from provided dNTPs by the DNA 

polymerase in the presence of Mg^+. Each new strand acts as a template 

in further rounds of amplification and the procedure thus results in 

exponential amplification of the desired DNA fragment.

2 .2 .5 .1  Am plification of DNA by PCR

Where a high degree of sequence fidelity was required, for example to 

generate DNA fragments for cloning reactions, Q5® High-Fidelity DNA 

Polymerase was used (NEB). Q5 Polymerase is a high-fidelity, 

thermostable DNA polymerase with 3 ' ^  5 ' exonuclease activity, fused 

to a processivity-enhancing Sso7d domain. The 3' ^  5' exonuclease 

activity is necessary for proof-reading as it results in a significant 

decrease in the rate of nucleotide misincorporation. Q5 polymerase has 

an error rate > 100-fold lower than that of Taq DNA Polymerase and 12- 

fold lower than that of Pyrococcus furiosus (Pfu) DNA Polymerase.

Q5 PCR reactions were carried out according to the manufacturer's 

instructions in an MJ Research PTC-200 peltier thermal cycler. Briefly, 

10 |il of 5X Q5 buffer was mixed with 10 mM dNTPs, 10 |iM of each
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primer, 50 ng of template DNA, 1 U of Q5 High-Fidelity polymerase and 

ddH20 to a final volume of 50 lal.

2.2.5.2 Inverse PCR

Inverse PCR works on the same principles as a normal PCR reaction. 

However, primers are synthesised such that the forward primer binds to 

the top strand of DNA while the reverse primer binds to the bottom  

strand. The extension continues in opposing directions, thus 

amplification of DNA located between the 5' ends of the primers does 

not occur. To introduce flexibility into the protein sequences decoded in 

the deleted loop DNA, a CGC codon (encoding arginine) is incorporated 

into the sequence of the top strand while a GCG codon (for alanine) is 

added to the bottom strand. Ligation of the linear plasmid results in the 

arginine/alanine substituting the deleted loop. Partial gene deletions 

were performed in this manner. After PCR amplification, parental 

plasmid DNA was digested using Dpnl, isolated and purified from an 

agarose gel (Section 2 .2 .4 .2 ), and the ends were ligated using T4 DNA 

Ligase (Section 2 .2 .4 .3 ). The ligated plasmid was concentrated by Pellet 

Paint®-precipitation (Section 2 .2 .4 .5 ) and transformed into 

electrocompetent cells (Section 2 .2 .1 .2 ). Plasmids were purified from  

putative clones and sent for sequencing.

2.2.6 siRNA knockdown in human epithelial cells

Recent advances in molecular biology have shown that gene expression 

can be effectively silenced in a highly specific manner through the 

addition of double stranded RNA (dsRNA) (109 , 148, 254). The term  

RNA interference (RNAi) was coined to describe this phenomenon and, 

while the mechanism was originally observed in plants and later in the 

worm Caenorhabditis elegans, subsequent studies have shown that RNAi
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is present in a wide variety of eukaryotic organisms including mammals 

(30, 91, 266). Once dsRNA enters the cell, it is cleaved by an RNase I I I -  

like enzyme. Dicer, into double stranded small interfering RNAs (siRNA) 

21 -  23 nucleotides in length that contain 2 nucleotide overhangs on the 

3 '  ends (28, 92, 145). In an ATP-dependent step, the siRNAs become 

integrated into a multi-subunit protein complex, commonly known as 

the RNAi induced silencing complex (RISC), which guides the siRNAs to 

the target RNA sequence (260). The siRNA duplex unwinds, and the 

antisense strand remains bound to RISC and directs degradation of the 

complementary mRNA sequence by a combination of endo- and exo

nucleases (233). SiRNA methodology was used to decrease expression 

of XYLT-2 in the human colon cancer cell line HT-29. XYLT-2 is a 

xylosyltransferase that catalyses the rate-limiting step of proteoglycan 

biosynthesis (130).

2.2 .6 .1  Reverse Transfection of HT-29 cells

Reverse transfections of cells using a validated SilencerSelect XYLT-2 

SiRNA (s34495. Life Technologies) or scrambled siRNA were performed 

as per the manufacturer's instructions. Briefly, the lipid reagent 

LIpofectamine RNAiMAX (Life Technologies) was diluted in low-serum 

media such as Opti-MEM media (Life Technologies). The siRNA or 

scrambled siRNA was prepared as a 10 pM solution and diluted to 20 nM 

in Opti-MEM media. The siRNA or scrambled siRNA was added to the 

diluted Lipofectamine RNAiMAX in a 1:1 ratio. The resulting mixture was 

incubated at room-temperature for 5 min. The siRNA-lipid complex was 

added to the wells of a 24-well or 96-well tissue culture plate to give a 

final siRNA/scrambled siRNA concentration of 10 nM.

HT-29 cells were prepared for transfection as follows. Confluent 

monolayers of cells were disrupted using trypsin/EDTA solution and 

harvested by centrifugation at 1200 rpm for 3 min. Cells were seeded 

on top of the siRNA-lipid complex at a density of 1.7 x 10® cells/well in
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24-well tissue culture plates or 5.2 x 10"̂  cells/well in 96-well high- 

content plates. After 24 hours, the media was removed and fresh media 

was added to the cells. After a further 24 hours, the total RNA was 

extracted (Section 2 .2 .6 .2 ), cDNA was synthesized (Section 2 .2 .6 .3 ), 

and qRT-PCR (Section 2 .2 .6 .4 ) was performed to determine the 

efficiency of the siRNA knockdown. High-throughput invasion assays 

were also performed (Section 2 .4 .3 .2 ).

2.2.6.2 Total RNA extraction

RNA was extracted from the mammalian cell line HT-29 for use in 

quantitative real-tim e PCR reactions. The method used for RNA 

extraction and purification was first published by Chomczynski et at. 

(5 6 ). This method involves cell lysis, phase separation, RNA precipitation 

and wash, and redissolving the RNA pellet. TRI Reagent (Sigma-Aldrich) 

contains a mixture of guanidine thiocyanate and phenol in a monophase 

solution, and was used to dissolve DNA, RNA, and protein during lysis of 

the mammalian cells. Briefly, 1 ml of TRI Reagent was added to each 

well in a 12-well cell culture plate containing HT-29 cells at 60 - 80%  

confluency. The resulting mixture was pipetted into a 1.5 ml Eppendorf, 

which could be frozen at -80 °C for up to 1 month. For RNA separation, 

chloroform was added at 1/5 of the volume of TRI Reagent and the 

mixture was incubated for 2 - 1 5  min at room -tem perature. The different 

phases were separated by centrifugation at 12 ,000x g for 15 min at 4 

°C. Centrifugation separates the mixture into 3 phases: an upper 

aqueous phase containing the RNA, the interphase containing DNA, and 

an organic phase containing proteins. The RNA containing phase was 

removed to a clean mini-centrifuge tube and isopropanol (1 /2  TRI 

Reagent volume) was added. The RNA-isopropanol mixture was 

incubated for 10 min at room -tem perature before the RNA was pelleted 

by centrifugation as before. The RNA pellet was then washed once in 

70%  ethanol and once in 100%  ethanol, and the RNA was pelleted by
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centrifugation at 12 ,00 0x  g for 10 min at 4 °C. The pellet was allowed 

to air-dry and finally, redissolved in 50 - 100 pL of ddHzO. RNA was 

stored at -8 0  °C.

2.2.6.3 cDNA synthesis

cDNA was synthesized using the superscript Vilo cDNA Synthesis kit 

( Invitrogen) as per the manufacturer's instructions. Briefly, 5x VILO  

Reaction mix was added to lOx superscript Enzyme mix, 1 pg of RNA, 

and ddH20 to 20 pi. The mixture was incubated at 25 °C for 10 min, 

followed by incubation at 42  °C for 60 min, and finally reaction 

termination a t 85 °C for 5 min. cDNA was stored at -20  °C until use. 

Prior to use in qRT-PCR experiments, cDNA was thawed on ice and 

diluted 1 :10  in ddH2 0 .

2.2.6.4 Quantitative real-tim e PCR (qRT-PCR)

qRT-PCR was used to monitor the gene expression for a target gene  

{XYLT2)  in m am m alian cells in real tim e after RNA extraction and cDNA 

synthesis. For comparative Ct experiments, cells exposed to a scrambled 

siRNA were used as a reference sample, while the housekeeping gene, 

GAPDH was used as an endogenous control to show targeted siRNA 

knockdown. Samples were tested in quadruplicate with negative controls 

tested in triplicate.

qRT-PCR reactions were carried out using the SensiMix SYBR Low- 

ROX kit (Bioline) according to the m anufacturer's instructions in a 7500  

Fast Therm al Cycler. Briefly, 10 jal of 2x SensiMix SYBR Low-Rox was 

mixed with 0 .5  - 0 .8  )iM of each primer, 50 ng of tem plate  cDNA, and 

ddH20  to a final volume of 20 \x\.
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2.3 Analysis and manipulation of proteins

2.3.1  SDS-PAGE

Proteins were separated on discontinuous denaturing polyacrylamide 

gels by the method of Laemmli (202). Using this method, proteins are 

denatured in SDS and p-mercaptoethanol, and separated based on their 

size as they travel through a polyacrylamide gel towards the anode. SDS 

binds to most proteins in a constant weight ratio, masking their natural 

charge with its own negative charge and giving each protein a similar 

mass:charge ratio allowing separation on the basis of size rather than 

charge. The discontinuous gel is formed using buffers of differing 

composition and pH to firstly focus the separating proteins into narrow 

well-defined bands, and then separate these focused proteins on the 

basis of their size.

2.3.1.1 Preparation of total cellular extract for SDS-PAGE 

analysis

The ODeoonm of an overnight culture was measured and 1 ml of the 

culture was then harvested by centrifugation at 15,800x g for 1 min. 

The pelleted bacteria were then resuspended in an appropriate volume 

of Laemmli buffer (75 mM tris-HCI, pH 6.8, 20% (v/v) glycerol, 2% (w/v) 

SD S, 2% (v/v) (3-mercaptoethanol, 10 lag/ml bromophenol blue) such 

that the final concentration was 10 ODeoonm units/ml. The samples were 

boiled at 100 °C for 5 min and stored at -20 °C. Prior to use, samples 

were thawed and boiled again to facilitate complete denaturation.

2.3.1.2 Sarcosyl enrichment of outer membrane proteins
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Bacterial lysates were enriched for outer-membrane proteins as 

previously described (81). This procedure is based on the ability of the 

detergent N-laurylsarcosine (sarcosyl) to disaggregate and solubilise 

protein and lipid components of the bacterial cytoplasmic membrane 

while, due to its sim ilar charge density to LPS, leaving the 

LPS-containing outer-membranes intact and insoluble.

Overnight cultures of bacteria were sub-inoculated in 10 ml fresh 

LB to an ODeoonm of 0.05. Bacteria were allowed to grow to mid- 

logarithmic phase and protein expression was induced with 1 mM 

isoeropyl 3-D-l-thiogalactopyranoside (IPTG). The bacteria were 

allowed to grow and express protein for a further 3 h. After 3 h, the 

ODeoonm was measured and 12 OD units/m l of bacteria was harvested by 

centrifugation at 6,000x g for 10 min. The pellet of bacteria was 

resuspended in 600 pi sonication buffer (10% sucrose, 50 mM TrisHCI 

(pH 7.5), 100 mM NaCI, ImM EDTA) and stored at -20 °C.

Lysis was achieved through sonication. Samples were sonicated in 

15 sec bursts for up to 2 min. Cellular debris was removed by 

centrifugation at 12,000x g for 10 min. The supernatant was incubated 

with 0.5% sarkosyl solution for 30 min at room temperature with 

shaking. The outer membrane was harvested by centrifugation at 

21,000x g for 30 min. The supernatant was removed and the pellet was 

resuspended in 100 pi Laemmli buffer. Samples were stored at -20 °C 

and boiled for 5 min at 100 °C prior to use.

2.3.1.3 Electrophoresis and staining of protein samples

Protein samples were separated on discontinuous 12% SDS- 

polyacrylamide gels using a Bio-Rad Power Pack basic at 200 V for 45 

mn. Gels were stained using Coomassie brilliant blue R-250 (0.25% 

Coomassie brilliant blue R-250, 45% (v /v ) methanol, 10% (v /v ) acetic 

acid) and destained using Coomassie destain solution (45% (v/v)
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methanol, 10%  (v /v ) acetic acid) or transferred to ^olyyinylidene 

difluoride (PVDF) membranes for use in Western immunoblottings.

2.3.2 Western Immunoblotting

2.3.2.1 Development of an anti-PagN antiserum

An antibody was required to detect PagN expressed exogenously in E. 

coli and from its native promoter in Salmonella. Eurogentec (Belgium) 

generated an anti-PagN peptide antibody via immunization with a 

peptide coupled to Keyhole Limpet haemolysin (KLH). The peptide 

sequence, AGDEHTAYDADTKAA, located in the exposed loop 4 of the  

protein was chosen. This peptide was chosen as it is surface exposed 

and the antibody would be able to recognise full-length PagN protein. 

The peptide-KLH carrier was injected into a rabbit several times over the 

course of 28 days. After 28 days, the rabbit was sacrificed and antibody 

was purified from the serum. An ELISA assay was performed to 

determine the affinity of the antibody to the peptide and the resulting 

anti-PagN antibody was dispatched.
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2.3.2.2 Electro-transfer of separated proteins

Proteins were transferred to PVDF membranes (Biotrace) using an 

Insight Maxi Semi Dry Electroblotter transfer apparatus (Galileo 

Bioscience). Briefly, the SDS gel was equilibrated in transfer buffer (25  

mM tris, 192 mM glycine, 20%  (v /v ) methanol) while the PVDF 

membrane was activated in methanol for 10 sec. Blotting was carried 

out according to the manufacturer's instructions at 80 mA for 30 min. 

Following transfer, all membranes were stained with Ponceau S stain to 

visualise proteins. Excess Ponceau S stain was removed by washing In 

Millipore purified water. Membranes were incubated in blocking buffer 

(5 %  non-fat powdered milk in PBS containing 0 .0 1%  Tw een-20) at 4 °C 

overnight or for 1 h at room tem perature with shaking.

2.3.2.3 Detection of bound proteins

Blocked membranes were incubated with anti-PagN antiserum diluted 

1:1000  in blocking buffer for 1 h at room tem perature with shaking. The 

membrane was then washed three times for 10 min in PBS containing 

0 .01%  Tw een-20 and incubated with an HRP-linked anti-rabbit antibody 

diluted 1:10 ,000  in blocking buffer for 30 min. The blot was washed as 

before and proteins were visualized using the SuperSignal West Pico 

Chemiluminescent HRP substrate (Thermo Scientific). 

Chemiluminescence was detected using an LAS-4000 Luminescent 

Im age Analyser. Typical exposure length was 10 sec -  5 min.

Membranes that were used as a control for protein expression 

were blocked as before and washed three times for 5 min in PBS 

containing 0 .01%  Tw een-20. Following washing, membranes were 

incubated with monoclonal anti-MBP antibody HRP conjugate diluted 

1:2 ,000  in blocking buffer for 1 hour. Membranes were washed and 

proteins were visualized as before.
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2.4 Phenotypic Assays

2.4.1 Haemagglutination assay

The ability of bacteria to agglutinate erythrocytes was determined using 

a 1% suspension of human type 0+ erythrocytes. Sterile human blood 

was diluted 1:10 in PBS to give a 10%  suspension of blood, and intact 

erythrocytes were pelleted by centrifugation at 6 ,000x g for 10 sec. The 

pellet was resuspended in the same volume of PBS. This process of 

washing was repeated 3  times, or until the supernatant was clear. The 

final resuspension of blood was in PBS containing 100 mM mannose. The 

10%  blood suspension was then diluted 1:10 in mannose-PBS to give a 

1% erythrocyte suspension. Mannose was used to inhibit agglutination 

of erythrocytes mediated by type 1 fimbriae. The ODeoonm of overnight 

cultures of bacteria was measured, and bacteria were sub-cultured in 5 

ml fresh L broth to an ODsoonm of 0 .05. Bacteria were allowed to grow to 

mid-logarithmic phase and protein expression was induced with 1 mM 

IPTG. Bacteria were allowed to grow and express protein for a further 3  

h. After 3  h of growth, the ODeoonm of cultures was measured, and 1 ml 

of bacteria was centrifuged at 15 ,800x g for 1 min. The supernatant was 

removed and bacteria were resuspended in an appropriate volume of 

PBS to a concentration of 10 OD units/ml. The bacteria were 2-fold 

serially diluted with PBS in a 96-well microtitre plate to give a final 

volume of 50 pi per well. 50 pi of the 1% erythrocyte suspension was 

added to each well and the plates were incubated overnight at 4 °C to 

allow unagglutinated erythrocytes to settle out of suspension.

For bacteria harbouring constitutive expression plasmids, the 

ODeoonm of overnight cultures was measured and 1 ml of bacteria was 

centrifuged at 15,800x g for 1 min. The protocol continued as before.
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2.4.2 Autoaggregation assays

The Hek protein has been shown to pronnote auto-aggregation of 

bacteria (1 02 ). Assays were carried out to ascertain if the same holds 

true for PagN. Briefly, overnight cultures (30 ml) of E. coli XL-1 

expressing Hek, or PagN, were grown in L broth, harvested by 

centrifugation, and resuspended in 5 ml PBS. The ODeoo nm were 

measured and adjusted to approximately 4 .0  by the addition of PBS. 3 

ml of each culture was then transferred to a Kahn tube, a 100 |il sample 

was taken and the ODeoonm measured again to determine the starting 

OD for each culture (T = 0 ). Further 100 1̂ samples were taken from the 

surface of the cultures every 30 min and the ODeoonm was measured as 

before. Assays were performed three times and the rate of 

autoaggregation was determined by the decrease in optical density over 

time.

2.4.3 Adhesion, cell association and invasion assays

2.4.3.1 Quantitative cell association and invasion assays

C HO -K l cells were seeded into 12-well tissue culture plates at a density 

of 3 .4  X lO'  ̂ cells/well 3 days prior to invasion. HT-29 cells were seeded 

at a density of 2.5 x 10^ cells/well and allowed to grow over four nights 

at 37 °C in 5%  CO2 . One day prior to invasion, the cells were fed. On 

the day of invasion, the ODeoonm of overnight cultures of bacteria was 

measured, and bacteria were inoculated in 5 ml fresh L broth to an 

ODeoonm of 0 .05. Bacteria were allowed to grow to mid-logarithmic phase 

and protein expression was induced with 1 mM IPTG. Bacteria were 

allowed to grow and express protein for a further 3 h. Prior to invasion 

bacteria were diluted 1:500 in warm tissue culture media. The 

mammalian cell monolayer was washed once in warm PBS, and 1 ml of
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bacteria-containing medium was added to each well. In order to initiate 

contact between the bacteria and the mammalian cells, the plates were 

centrifuged at 600x g for 5 min. Plates containing the bacteria and 

mammalian cells were incubated at 37 °C in 5%  CO2 for 1 h to allow the 

bacteria tim e to adhere to and invade the monolayer. During this time, 

samples of the medium containing bacteria were diluted and spread on 

L agar plates to determine the initial inoculum. The infected cells were 

then washed 5 times with warm PBS to remove any non-adherent 

bacteria. To determine the total number of cell-associated bacteria, the 

monolayer was disrupted by treatm ent with 0 .1 %  Triton X -100 and the 

released bacteria were enumerated by spreading dilutions on L agar. To 

determine the number of invasive bacteria, a standard gentamicin 

protection assay was performed (1 79 ). Following the 1 h incubation, the 

monolayer was washed thrice in warm PBS to remove any non-adherent 

bacteria. The cells were then incubated with gentamicin (100  pg/m l) for 

90 min at 37 °C in 5%  CO2 to kill any extracellular bacteria, washed 

twice in PBS to remove dead bacteria and gentamicin, and the 

mammalian cell membrane was disrupted using 0 .1%  Triton X -100. 

Bacteria were enumerated as before.

2.4.3.2 Quantitative high-throughput invasion assays

To determine the ability of PagN-expressing bacteria to invade a 

mammalian cell monolayer in a more quantitative manner, a high- 

throughput invasion assay was developed based on the previously 

described method (3 24 ). Briefly, CHO -Kl cells were seeded into 96-well 

Perkin Elmer view plates at a density of 1.0 x 10® cells/plate and allowed 

to grow over two nights at 37 °C in 5%  CO2 . HT-29 cells were seeded at 

a density of 5.0 x 10® cells/plate and allowed to grow over three nights 

at 37 °C in 5%  CO2 . Overnight cultures of bacteria were sub-inoculated 

in 5 ml fresh L broth to and ODeoonm of 0.1 and allowed to grow for 3 

hours. Expression of GFP from pCMOl was induced using 0.2 pg/ml
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anhydrotetracycline 30 min prior to the start of invasion. Salmonella 

strains lack the TetR repressor protein leading to constitutive GFP 

expression. Bacterial cultures were harvested by centrifugation and 

resuspended in 1 ml of warm cell culture media. Prior to the addition of 

the bacteria, the mammalian cells were washed in warm PBS. To each 

well, 50 |jl of warm tissue culture media containing bacteria was added. 

The plates were incubated at 37 °C in 5% CO2 for 30 min to allow the 

bacteria to invade the monolayer. The cells were then washed thrice in 

warm PBS to remove any non-adherent bacteria. A 4% 

paraformaldehyde solution was added to fix the bacteria and cells. After 

30 min, the fixative was removed and 100 (j I of PBS was added to each 

well. Plates were stored overnight at 4 °C.

2.4.3.2 .1 Staining of quantitative high-throughput invasion 

assays for use with the GE Incell Analyzer 2000

Prior to imaging, the extracellular bacteria and the mammalian cells 

must be stained. The staining protocol was adapted from Steinberg et 

al. (222). The cells were first incubated for 30 min in a blocking solution 

composed of 0.2% BSA in PBS. The blocking solution was removed and 

the primary antibody, either mouse monoclonal anti-Salmonella LPS 

antibody or anti-E. coll vesicle antibody (P. Owen), was diluted 1:200 in 

blocking buffer and added to each well. The plates were incubated for a 

further 1 h. After incubation with the primary antibody, the cells were 

washed thrice in PBS and the secondary antibody, Alexa fluor 350 goat 

anti-mouse IgG, was diluted 1:200 in PBS and added to each well. The 

cells were incubated with the secondary antibody in the dark for 30 min. 

After incubation with the secondary antibody, the cells were washed 

thrice in PBS and the nuclear and cytoplasmic stain, DraqS (Biostatus), 

was diluted 1:250 in PBS and added to each of the wells. The cells were 

incubated with the cytoplasmic stain in the dark for at least 30 min. Prior 

to imaging, the DraqS was decanted and 100 pi of PBS was added to
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each of the wells. Plates were imaged using the GE Incell Analyser, and 

data was analysed using the Incell analyser software. 10 fields per well 

were imaged at an average of 40 -  80 mammalian cells per field.

2.4 .3.2 .2  Staining of quantitative high-throughput invasion 

assays for use with the Scan^R 1X81 (Olympus)

The staining protocol for use with the Olympus microscope was again 

adapted from Steinberg et al. (222). The cells were incubated for 1 h 

with the primary antibody, either mouse monoclonal ar\t\-Salmonella 

LPS antibody (Abeam) or rabbit polyclonal anti-vesicle antibody (P. 

Owen), diluted 1:200 in blocking buffer. After incubation with the 

primary antibody, the cells were washed thrice in PBS and the secondary 

antibody, Alexa fluor 568 goat anti-mouse IgG or Alexa fluor 568 donkey 

anti-rabbit, was diluted 1:250 or 1:500 in PBS, and added to each well. 

The cells were incubated with the secondary antibody in the dark for 30 

min. After incubation with the secondary antibody, the cells were 

washed thrice in PBS and the nucleic acid stain Hoechst (Life 

Technologies), was diluted 1:5000 in PBS and added to each of the wells. 

The cells were incubated with the nucleic acid stain in the dark for 20 

min. Prior to imaging, the Hoechst was decanted, and 50 pi of PBS was 

added to each of the wells. Plates were imaged using the Olympus 1X81 

fluorescent microscope with the Scan^R acquisition programme, and 

data were analysed using the Columbus Image Data Storage and 

Analysis System (Perkin Elmer). 12 fields per well were imaged at an 

average of 100 mammalian cells per field.
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2.5 in sUico Analyses

2.5.1 in sUico predictions of secondary structure
The secondary structure of the PagN proteins of both Salmonella 

Typhimurium and Salmonella Typhi was elucidated using several online 

tools. The signal sequence of the proteins were analysed using SignalP

4.1 (2 3 ). The discrimination score cut-off was calculated to be 0 .570 , 

while the score given for the proposed signal sequence was 0 .724 , 

indicating that both PagN proteins contain a signal sequence.

In addition to the signal sequence analysis, the online programme 

PRED-TMBB was used to determine whether the PagN protein of S, Typhi 

was located in the outer-m em brane and whether it formed a p-barrel 

the threshold value was set at 2 .965 (1 2 ). Finally, the secondary 

structure of the PagN protein of S. Typhi was determined using the web- 

based Phyre2 modelling programme (186 ). The model chosen showed 

92%  of the amino acid residues were modeled at > 9 0%  confidence.
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Chapter 3 Generation and Optimisation of 
a high content assay for analysis of 
invasion

3.1 Introduction

Traditionally, bacterial invasion of mammalian cells is measured by the 

gentamicin protection assay (GPA) (9 6 ). This assay relies on the inability 

of the aminoglycoside antibiotic gentamicin to penetrate the mammalian 

cell membrane (3 42 ). Bacteria which successfully invade the 

mammalian cell monolayer are protected from killing, while those that 

remain extracellular are killed by gentamicin. Intracellular bacteria can 

be released from the mammalian cells by incubating the monolayer with 

a low concentration of a non-ionic detergent such as Triton-X -100. The 

lysates are then diluted, plated on solid media, and subsequently, 

colonies are counted after incubation. The amount of bacteria recovered 

is then indexed against the inoculum. Whilst the GPA is a much utilised 

assay, it can be a cumbersome method for analysing bacterial invasion. 

Each GPA is carried out with three biological as well as two technical 

replicates. This makes testing large numbers of samples particularly 

cumbersome. In addition, the Miles and Misra method, which is often 

used to enum erate surviving bacteria is inherently variable due to 

pipetting error caused by infrequently calibrated pipettes. A considerable 

amount of culture media and other materials are required for the GPA. 

In addition to the material constraint, the assay is tim e consuming. Each 

assay takes up to 5 days to complete from the first seeding of the 

mammalian cells to the enumeration of bacteria. I t  is also not possible 

to simultaneously determine the number of bacteria associating with or 

invading the mammalian cell monolayer. The GPA also falls short when 

trying to determine bacterial numbers interacting with or invading
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individual cells. Thus, a nniniaturised assay that is amenable to higher 

throughput is desirable. High-throughput assays (using the Cellomics 

platfornn) of phagocytosis, phagosome maturation, and bacterial 

invasion in the context of Salmonella were first developed in 2006 by 

Steinberg etal. (3 23 ). Previously, experimental procedures had included 

labour intensive microscopy, whereby each cell or organelle had to be 

individually observed in a time-consuming process that limited the 

number of experimental conditions that could be tested.

Fluorescent microscopy has become a useful tool in measuring 

bacterial invasion (217 , 227, 246, 324). The principles behind this assay 

are much the same as with the GPA; bacteria (albeit fluorescently- 

labelled) are added to a mammalian cell monolayer and allowed to 

invade, non-adherent or loosely-adherent bacteria are then removed via 

several steps of washing, and the monolayer containing bacteria is fixed 

using paraformaldehyde. Finally, extracellular bacteria are distinguished 

from those residing within the mammalian cells through the use of an 

anti-E. coll or antl-Salmonella primary antibody and a fluorophore- 

conjugated secondary antibody. Only bacteria that are extracellular are 

detected with the primary and secondary antibodies.

In this work, two separate microscopes and associated software 

were used, the GE Incell Analyzer 2000 with Analyzer software, and the 

Olympus 1X81 microscope with Scan'^R acquisition and Columbus 

analysis software.

Both the GE Incell Analyzer and the Olympus microscopes are 

fluorescent microscopes linked to image analysis systems, which take  

high resolution images of fluorescent entities (159 , 334). High- 

throughput fluorescent microscopy offers several advantages, including 

the ability to analyse multiple isolates simultaneously with minimal extra 

work and the ability to analyse other cellular parameters involved in 

bacterial cell adhesion and invasion. This chapter describes the 

development and optimisation of a high-throughput assay using both 

the GE Incell Analyzer and the Olympus microscope. Two similar but
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separate staining methodologies were utilised. This study sought to 

develop and optimise a high-throughput invasion assay in several 

different ways:

• GFP labelling of bacteria by allelic replacement.

• GFP labelling of bacteria by over expression.

• Optimisation of the time of invasion.

• Analysis of the optimal bacterial inocula.

• Development of a staining protocol for extracellular bacteria.

3.1.1 Statistical Analyses Utilised
All data presented within tables and graphs in this chapter reflect the 

mean plus or minus the standard error. When the number of strains 

tested reached three or more, a one way analysis of variance test was 

used. The Dunnett post-test analysis was used to compare all means to 

a control mean as indicated in the text. Statistical significance was 

described for values where p < 0.05.
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3.2 Results

3.2.1 Cloning and expression of a gfp gene in 

Escherichia coli and Salmonella

3.2 .1.1  Introduction of a chromosomal gfp gene in E. coli 

MC4100

To facilitate visualisation of invasive and non-invasive bacteria using 

fluorescence microscopy, it was first necessary to render bacteria 

fluorescent. The strategy taken was to transfer an inducible gfp+ gene 

into the non-essential cobS gene of E. coli. Allelic exchange was 

accomplished using the A red recombinase system (79). E. coli strain 

MC4100 was utilised as it contains a functional recA gene making it more 

amenable to the A red recombinase system. Furthermore, this strain is 

non-invasive. Plasmid pKMOOl was obtained from Mansson e ta i. (227). 

This plasmid contains the gfp+ gene and chloramphenicol resistance 

cassette under the control of the tetracycline promoter (P iteto-i). In 

bacterial strains that lack the Tet repressor, constitutive expression of 

the gfp+ gene is observed.

Briefly, the gfp+ gene, chloramphenicol resistance cassette, and 

Piteto-i promoter were PCR-amplified from pKMOOl along with flanking 

sequences corresponding to the cobS locus on the E. coli chromosome 

using primers PlCobKM and P2CobKM (Table 2.3). The cobS gene 

encodes the cobalamin coenzyme B12 in both E. coli and Salmonella. 

The cobs gene was chosen as Mansson et aL have shown that 

replacement of this gene with the gfp+ gene did not affect bacterial 

fitness in E. coli CFT073 (227). The linear PCR-amplified fragment was 

then digested with Dpnl to remove parental plasmid DNA, purified from 

an agarose gel and 1 - 2 pg of DNA were transformed into 

electrocompetent I^C4100 containing pKD46. Plasmid pKD46 was
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eliminated from transform ants by culture at 37 °C without ampicillin. 

Putative m utants were single colony purified twice and then screened 

for the presence of the novel m utant allele by PCR. The successful GFP- 

expressing strain was named S P D l.

Initial high-throughput fluorescent invasion experiments using the 

GE Incell Analyzer suggested that S P D l was not sufficiently fluorescent 

for use in this assay. I t  was proposed that although the gfp+  gene is 

constitutively expressed in S P D l, it is only expressed as a single copy 

within the E. coli genome meaning that the level of fluorescence 

produced is not sufficiently intense to perm it detection. A control strain 

expressing GFP from a m ulti-copy plasmid was visible using the  

fluorescent microscope. In order to facilitate enhanced expression of 

GFP and thus perm it detection, plasmids expressing GFP as well as the  

protein of interest, e.g. PagN, were generated.

3.2 .1 .2  Cloning of the gfp gene into the bla locus of plasmids
pM Ll and pTrc99a

In  order to increase the copy num ber of the gfp+  gene within the  

bacteria, the gene was inserted into the bla locus, encoding ampicillin 

resistance, of plasmids containing a gene of interest, e.g. pagN, as well 

as the em pty vector plasmid. The bla locus for p-lactam  resistance was 

chosen as it would enable rapid screening of colonies that are rendered 

ampicillin sensitive and chloramphenicol resistant. Primers PIGFP and 

P2GFP (Table 2 .3 ) were designed to am plify the gfp+  gene, 

chloramphenicol resistance cassette, and PuGto-i prom oter in pKMOOl as 

before. The blunt-end PCR product containing restriction endonuclease 

Seal sites was purified. Plasmids pM Ll (containing the pagN  gene) and 

pTrc99a (vector plasmid) were digested with Seal (NEB) and agarose  

gel purified. Digested vectors were ligated with the PCR product using 

T4 DNA Ligase (NEB), concentrated using pellet-paint, then transform ed  

into NEB5a High-efficiency electrocom petent cells. Plasmids were

70



extracted from the bacteria and the orientation of the gfp+  gene was 

assessed by digestion with H ind lll (NEB) followed by separation on an 

agarose gel (Fig. 3.1). Plasmids containing the correct gfp+ orientation 

were transformed into electrocompetent E. coli XL-1 cells, and re-named 

pSP4 {pagN and gfp+) and pSP5 (vector and gfp+), respectively. A 

schematic of plasmid generation can be seen in Fig. 3.2.

3.2 .1 .3  GFP expressed from plasmid pSP4 and pSP5 affects

invasion of CHO-Kl ceils

Production of GFP is a costly process in terms of bacterial fitness (282). 

Since E. coli strains XL-1 Blue and DH5a, which were used in previous 

GPA assays, lack the TetR repressor protein, they constltutively express 

GFP. Therefore, it was important to determine whether the constant 

synthesis and expression of GFP presented a large enough fitness cost 

to the bacterium to affect invasion of a mammalian cell monolayer.

Chinese hamster ovary (CHO-Kl) cells display typical epithelial 

cell morphology and are a useful tool for the study of bacterial adhesion 

and invasion as there are a number of mutant cell lines available that 

are lacking various cell-surface components (288). These cells are easily 

cultured and are readily invaded by strains of pathogenic S. 

Typhimurium (83) and E. coli (110). To investigate whether the 

overproduction of GFP prevents epithelial cell invasion, standard 

gentamicin protection assays were performed as described in Section 

2.4.3.1. E. coli XL-1 carrying plasmid pMLl, the parent plasmid to the 

gfp+ expressing pSP4, were included as a positive control.
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FIG . 3 .1 . Confirm ation of th e  correct o rien ta tion  o f th e  gfp+  gene in 
plasm ids pSP4 and pSPS. Plasmids pTrc99a-g/p+ (pSP4) and pM L l-g fp+  
(pSP5) were digested with H ind l l l  and the resulting fragm ents were separated 
on a 1% agarose gel. Lane 1 contains a 1 kbp DNA ladder. Several putative 
clones were electrophoresed using the same agarose gel; fo r clarity, only the 
clones used in high throughput assays are shown.
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FIG. 3.2. Schematic of the construction of plasmid pSP4. (i) plasmicj 
pMLl containing the pagN gene under the control of the Ptrc promoter was 
digested with Seal to disrupt the bla gene. The gfp and cat genes as well as 
the Pueto-i promoter were amplified from plasmid pKMOOl by PCR. (ii) The ~2.2 
kb gfp-containing fragment was ligated into the digested pMLl plasmid giving 
rise to (iii) plasmid pSP4. The positions of the pagN, bla, gfp, and cat genes 
are indicated. Restriction endonuclease sites used in the construction of the 
plasmid, and those used for diagnostic tests are marked.
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Table 3.1. Interaction of E. coli K-12 expressing PagN or PagN 

and GFP with CHO-Kl cells

Protein Expressed Percentage Invasion

PagN 64.18 ± 19.44

0.07 ± 0 .01**
None

PagN-GFP 10.52 ± 4.13 *

GFP 0.002 ± 0 .001**
Percentage invasion refers to the percentage of bacteria th a t were successful in 

invasion when connpared with the num ber of bacteria present in the initial inoculum, n 

= 3. *  indicates p < 0 .0 5 , * *  indicates p < 0 .0 0 1 . Data were analysed using the one 

way analysis of variance with the Dunnett post test to com pare all means to the  

bacteria expressing PagN only.

When PagN was over expressed in E. coli K-12 strain XL-1, more 

than 60% of the inoculum expressing PagN were internalised by, CHO- 

K l cells (Table 3.1). Large-scale uptake of bacteria into the non- 

phagocytic CHO-Kl monolayer took place. When compared with 

bacteria expressing both PagN and GFP, the PagN-only expressing 

bacteria were significantly more invasive (p < 0.05). Of the initial inocula 

of PagN-only expressing bacteria, 64.2% were able to invade the CHO- 

K l cell monolayer, while only 10.5% of bacteria expressing both PagN 

and GFP were invasive. These data indicate that the overproduction of 

GFP by E. coli dampens bacterial invasion.

GFP production was imperative for the visualisation of internalised 

bacteria in the high-throughput fluorescent assay, and as such it became 

necessary to obtain a separate low-copy number (~15 copies per cell) 

GFP expressing plasmid that is compatible with pTrc99a and 

pBlueScriptll derived plasmids. Thus, pCMOl was used to visualize 

bacteria.

The low copy-number plasmid pCMOl was created by Clodagh 

Murphy (253) to counteract the decreased invasion observed by the over 

expression of GFP. A map of plasmid pCMOl is shown in Fig. 3.3.
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3.2 .1 .4 GFP induction does not affect bacterial invasion

As shown in Table 3 .1 , the constant overproduction of GFP produces 

enough of a fitness burden to the bacterium to impede epithelial cell 

invasion. A new level of control of GFP expression was obtained using E. 

coli K-12 strain, D H SaZl (2 2 0 ). The D H SoZl strain is distinct from its 

parent, DH5o, in that it contains the gene for the TetR repressor protein. 

In strains containing the tetR  gene, the translated protein binds to 

operator sequences thereby blocking gene transcription. Addition of 

exogenous tetracycline (Tc), or tetracycline derivatives, relieves gene 

repression by TetR by dissociating TetR from the operator DNA sequence 

(2 5 ). In the D H 5o Z l strain, GFP synthesis is turned off until addition of 

anhydrotetracycline (ATc). ATc is a synthetic derivative of tetracycline  

that has lost its antibiotic ability while still displaying a high affinity for 

TetR (2 1 0 ).

Growth of E. coli D H ScZl expressing GFP from the inducible 

tetracycline promoter was tested in the presence of ATc/GFP and for 

invasion of C H O -K l cells. To determ ine the effect of GFP on bacterial 

viability, overnight cultures of D H 5 aZ l or D H 5o Z l pCMOl were sub

inoculated to an ODeoonm of 0 .05  and grown at 37 °C with shaking for up 

to 5 hours. Every 30 min, the ODeoonm was measured and a sample of 

the culture was taken, serially diluted, and spread on agar plates for 

enum eration. ATc was added at a final concentration of 0 .2  pg/m l after  

3 hours of incubation. The results are shown in Fig. 3 .4 .

After the addition of ATc, bacteria expressing GFP continue to grow 

normally for 60 min, after which there is a sharp decline in the number 

of viable bacteria (Fig. 3 .4  panel b); however, this decline in the viable 

count is not represented in the ODeoonm.
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km. (6 1 4 1  bp) cat

ori

FIG. 3.3 . Map of the plasmid pCMOl. The positions of the gfp+, kan, and 
cat genes are indicated as is the PLteto-i promoter for tetracycline resistance. 
The origin of replication is indicated which gives rise to a copy number of ~15 
plasmids/cell.
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FIG. 3.4. Growth of E. coli DHSaZl expressing gfp+  over tim e.
Overnight cultures of bacteria harbouring plasmid pCMOl were sub-inoculated 
to an ODeoonm of 0.05, samples were taken and dilutions were plated on solid 
agar. Every hour, the ODeoonm of the culture was measured and a viable count 
was performed. Panel a depicts the CFU/mL and ODeoonm of DHSaZl while panel 
b displayed the same for DHSaZl harbouring pCMOl. The circles represent the 
ODeoonm of the bacteria while the squares represent the CFU/mL. ATc was added 
after 180 minutes.
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When this experiment was performed with E. coli XL-1 Blue (which lack 

tetR), bacteria became unable to effectively divide, instead forming long 

aggregates, which can account for the increase in the optical density of 

the bacteria while the viable count decreased (data not shown). This, 

however, is not the case for DHSaZl bacteria. There is also a decrease 

in viable count seen after the addition of ATc to cultures of DHScZl that 

are unable to produce GFP. The decrease seen in nor\-gfp+ expressing 

cells coupled with the fact that when viewed under a microscope, 

bacteria do not appear to be growing aberrantly, point towards a 

different reason for the decrease in viable count. In both cases, the 

bacteria are able to rebound and the viable count reaches more than 1.0 

X 10® CFU/ml by 5 hours incubation.

In order to determine whether the decrease in the number of 

viable bacteria as a result of ATc induction of GFP affected the ability of 

the bacteria to invade mammalian cells, a GPA was performed. In this 

assay, D HSaZl bacteria expressing either PagN from pMLl or PagN and 

GFP from pMLl and pCMOl, respectively, were tested for mammalian 

cell invasion by GPA. DHSaZl bacteria were also tested to determine 

whether they possess an innate ability to invade mammalian cells (Table 

3.2).
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Table 3.2 . In teraction of E. coli D H SaZl expressing PagN or PagN

and GFP w ith  C H O -K l cells

Protein Expressed Percentage Invasion

None 0.07 ±  0 .0 9 * *

PagN 3.06 ±  0.291

PagN and GFP 10.7 ±  1.95 *

GFP 0.05 ± 0 .0 7 * *

Percentage invasion refers to the percentage of bacteria that were successful in 

invasion when compared with the number of bacteria present in the initial inoculum, n 

= 3. *  indicates p < 0 .05 , * *  indicates p < 0 .001 , Data were analysed using the one 

way analysis of variance with the Dunnett post test to compare all means to the 

bacteria expressing PagN only.

When PagN was over expressed in E. coli K-12 strain DHSaZl, 3%  

of the inoculum expressing PagN bound to, and were internalised by, 

CHO-Kl cells (Table 3.2). When compared with bacteria expressing both 

PagN and GFP, the PagN-only expressing bacteria were significantly less 

invasive (p < 0 .05). Only 3%  of the initial inocula of PagN-only 

expressing bacteria were able to invade the CHO-Kl cell monolayer, 

while 10.7%  of bacteria expressing both PagN and GFP were invasive. 

The presence of GFP appears to be beneficial for bacterial invasion of 

mammalian cells; however this is only true for bacteria expressing both 

PagN and GFP. Bacteria that expressed GFP only were unable to 

effectively invade the CHO-Kl cell monolayer (< 1 %  invasion). As all 

bacteria used in the high-throughput fluorescence assay expressed GFP 

from plasmid pCMOl, relative defects in invasion and adhesion could still 

be accurately measured.

There are many pathogenic strains of E. coli that are capable of 

invasion. It  was important to determine whether E. coli DHSoZl was 

intrinsically invasive in the absence of adhesins such as PagN. Less than 

1% of DHSoZl were able to invade the mammalian cell monolayer. This 

is significantly lower than bacteria expressing PagN {p < 0 .0002). These
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data indicate that the controlled production of GFP by E. coli does not 

interfere with invasion; instead, it provides an unexpected invasion 

advantage.

3.2.2 Development of a high content invasion assay 

for E. coli and Salmonella using the GE Incell 
Analyzer 2000

3.2 .2 .1  Determination of the optimal tim e of invasion

The first step in the development and optimisation of a high content 

invasion assay involved testing several different invasion times. 

Salmonella possess the ability to modify vacuoles within the host cell to 

prevent acidification and subsequent death. I t  is imperative to stop the 

invasion via fixation with paraformaldehyde prior to the start of 

intracellular replication as failure to stop the assay at the appropriate 

time leads to skewing of the results. For E. coli, however, bacterial 

intracellular multiplication is less of a problem.

The main advantage of the high-content assay is the ability to 

rapidly compare invasion and adhesion of bacteria in half of the time  

required for the GPA. A high-throughput invasion assay comprising of E. 

coli DH5o expressing GFP from pCMOl and PagN from pMLl was 

performed as described in Section 2 .4 .3 .2  to determine whether bacteria 

began replicating intracellularly within the 60 minute invasion time, as 

well as determining whether there was a difference in adhesion or 

invasion when the assay was allowed to progress from between 5 and 

60 min. Extracellular bacteria were not distinguished from those that 

had invaded the monolayer, and the results given in Table 3.3 indicate 

bacteria that have either invaded or adhered to the mammalian cell 

monolayer the mammalian cell monolayer.
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Table 3.3. Characterisation of E. coU DH5a association with CHO- 

K1 cells using the GE Inceli Analyzer microscope.

Time (min) Average number of bacteria per 

CHO cell

5 2.04 ± 0.13

10 3.28 ±  0.65

15 3.62 ± 0.57

20 5.81 ± 1.10

25 5.81 ± 1.10

30 6.26 ± 0.62

40 7.57 ± 1.03

60 11.82 ± 0.49

Cell association indicates the num ber of bacteria that have either invaded or are 

adherent to the m am m alian cell monolayer, n = 1.

As this assay was performed without the use antibody labelling, it 

was impossible to distinguish intracellular versus extracellular bacteria 

and thus invasive versus adherent bacteria. For the following 

optimisation steps, an invasion time of between 20 and 25 min was 

chosen as the number of bacteria interacting with the CHO cell 

monolayer stayed constant during this time.

A second high-throughput invasion assay comprising of S. 

Typhimurium SL1344 harbouring pCMOl was also performed as 

described in Section 2.4.3.2. Again, extracellular bacteria were not 

distinguished from those that had invaded the monolayer, and the 

results given in Table 3.4 indicate bacteria that are associated with the 

mammalian cell monolayer.
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Table 3.4. Characterisation of Salmonella association with CHO- 

K1 cells over time.

Time (min) Average number of bacteria per 

CHO cell

10 0.540 ± 0.17

15 1.47 ± 0.24

20 2.72 ± 0.41

30 3.38 ± 0.69

40 4.63 ± 0.27

60 7.15 ± 1.81
Cell association indicates the num ber of bacteria that have either invaded or are 

adherent to the m am m alian cell monolayer, n = 1.

As described for the high-throughput assay for E. coli invasion, 

this assay was performed without the use of antibody labelling, and an 

invasion time of 30 min was chosen for ease of use.

3.2 .2.2  Analysis of the change in bacterial invasion and 

adhesion in a dose dependent manner

Once the optimal time of invasion was determined, it was necessary to 

find the optimal quantity of bacteria or multiplicity of infection to add to 

the mammalian cell monolayer. High content invasion assays utilising E. 

coli DH5o (pCMOl pMLl) were performed as before, and several 

different multiplicities of infection (MOIs) were tested. Briefly, overnight 

cultures of bacteria were sub-inoculated to ODeoonm 0.05. Cultures were 

then grown to mid-logarithmic phase at which point IPTG (1 mM) was 

added to induce expression of pagN. Following a further 3 hours of 

growth, 1 ml of culture was harvested by centrifugation and the bacteria 

were resuspended in 1 ml of pre-warmed cell-culture media. 50 pL of 

media were maintained on the mammalian cell monolayer at all times,
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meaning for inocula of less than 50 |jL, sterile DMEM was added to make 

up the difference. The changes in invasion and adhesion of bacteria to 

the monolayer are shown in Table 3.5.

Table 3.5. M.O.I. and Relative adherence to and invasion of CHO- 

K l cells by PagN-expressing E. coli.

MOI Invasive Adherent

10 0.099 :t  0.013 0.015 ± 0.003

30 0.25 ± 0.030 0.027 ± 0.004

40 0.27 ± 0.009 0.023 ± 0.005

55 0.40 ± 0.023 0.023 ± 0.007

70 0.72 ± 0.065 0.044 ± 0.014

80 1.25 ± 0.157 0.035 ± 0.011

100 2.20 ± 0.255 0.044 ± 0.007

140 2.49 ± 0.762 0.058 ± 0.009

The average  nu m b er of bacteria per C H O -K l  cell are  indicated above. M .O .I .  indicates  

the  multiplicity of infection. Standard error is given, n =  1.

The average number of invasive bacteria was quite low (2.49 

bacteria/CHO-Kl cell for an MOI of 140). However, when compared with 

an initial inocula of 10 bacteria/CHO, the increase in invasion appears 

much larger. The observed increase in adhesion and invasion 

corresponds to the addition of an excess of bacteria. An M.O.I. of 140 

was chosen.

3.2 .2.3  Optimisation of the detection of extracellular bacteria

The protocol for bacteria and CHO-Kl cell staining was adapted from 

Steinberg et at. in their 2007 paper on phagosome maturation and 

bacterial invasion (330). In that paper, extracellular bacteria were 

distinguished from those that had invaded the human HeLa cell line 

using a rabbit anti-Sa/mone//a antibody diluted 1:250 in PBS and a Cy2-
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conjugated donkey anti-rabbit secondary antibody (324). As a 

commercially unavailable anti-E. coli vesicle antibody raised in rabbits 

(provided by Prof. P. Owen) was used, it was necessary to determine 

not only the optimal concentration of the secondary antibody, but also 

whether it was necessary to pre-incubate the mammalian cell monolayer 

with a blocking buffer composed of 0.2% BSA in PBS.

To determine the optimal staining procedure, a final high- 

throughput invasion assay was performed using E. coli DH5a harbouring 

pMLl and pCMOl. Bacteria were incubated with the CHO-Kl cell 

monolayer for 30 min before non-adherent and loosely adherent 

bacteria were removed via 3 washes in PBS and fixed in 4% 

paraformaldehyde. A range of blocking times from no blocking to 30 or 

60 min incubation in blocking buffer was tested. The primary antibody 

concentration was kept static at 1:200 diluted in blocking buffer, while 

secondary antibody concentrations of 1:100 or 1:200 (in PBS) were 

tested. The data shown in Fig. 3.5 indicates the average number of 

extracellular bacteria per CHO-Kl cell. The wells treated with no prior 

incubation with blocking buffer and a secondary antibody concentration 

of 1:100 yielded the highest number of visible extracellular bacteria with 

an average of ~0.2 bacteria per CHO cell. Data were analysed using the 

one way ANOVA method. A post-test Dunnett test was performed to 

compare all means to the the wells containing bacteria exposed to the 

highest concentration of antibody with the lowest blocking time. No 

significant differences in the number of bacteria detected per CHO-Kl 

cell were observed between the staining protocols.

The same assay and staining procedure was performed for S. 

Typhimurium SL1344 pCMOl, however, instead of using the anti-vesicle 

primary antibody, a mouse monoclonal ant\-Salmonella LPS primary 

antibody was used at 1:200 concentration. As with E. coli, the wells 

treated with no prior incubation with blocking buffer and a secondary 

antibody concentration of 1:100 yielded the highest number of visible
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extracellular bacteria with an average of ~  1 bacterium per CHO cell 

(Fig. 3 .6 ).

While initial experiments carried out using the GE Incell Analyzer 

microscope were valuable in determining the optimal time of invasion 

and the optimal concentration of bacteria, it became apparent that the 

equipment would not suit the needs of this study. The staining of 

extracellular bacteria was extremely difficult as the wavelengths emitted 

by the mammalian cell stain DRAQ5 and GFP forced the secondary 

antibody emission wavelength close to ultraviolet in the spectrum of 

light. The GE Incell Analyzer was unable to accurately and easily discern 

the wavelength emitted by the secondary antibody, forcing a move to 

the Olympus 1X81 platform. A typical set of images generated by the GE 

Incell Analyzer is displayed in Fig. 3.7.
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FIG 3.5. Optimisation of the staining of extracellular Escherichia coli in 
a high-throughput assay. The average number of E. coli DH5a expressing 
pagN from plasmid pMLl and gfp+ from plasmid pCMOl adhering to CHO-Kl 
cells was calculated. A range of staining procedures were tested and standard 
error bars are shown. -  indicates no blocking while some wells were incubated 
for 30 or 60 minutes of blocking in 0.2% BSA prior to the addition of the 
primary anti-vesicle antibody. Secondary antibody at a concentration of 1:100 
or 1:200 was also tested, n = 3. Data were analysed using the one way ANOVA 
method. A post-test Dunnett test was performed to compare all means to the 
the wells containing bacteria exposed to the highest concentration of antibody 
with the lowest blocking time. Statistical significance was determined for p < 
0.05.
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FIG 3.6. Optimisation of the staining of extracellular Salmonella in a 
high-throughput assay. The average number of S. Typhimurium SL1344 
expressing gfp+ from plasmid pCMOl adhering to CHO-Kl cells was calculated. 
A range of staining procedures were tested and standard error bars are shown. 
-  indicates no blocking while some wells were incubated for 30 or 60 minutes 
of blocking in 0.2% BSA prior to the addition of the primary anti-vesicle 
antibody. Secondary antibody at a concentration of 1:100 or 1:200 were also 
tested, n = 1.
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FIG. 3 .7 . Im ages of E. co/i generated using the GE Incell Analyzer. CHO- 
K1 mammalian cells were stained using DRAQ5, bacteria express GFP from 
plasmid pCMOl, and extracellular bacteria were stained using an anti-vesicle 
primary antibody and the Alexa fluor 350 secondary antibody. The white bar 
indicates 20 pm.
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3.2.3 Development of a high content invasion assay 

for E. coli and Salmonella using the Olympus 1X81 

microscope

3.2.3.1 Determination of the optimal time of invasion

As discussed in Section 3.2.2.1, it was necessary to determine the 

optinnal time of invasion for the high content platform. A high- 

throughput invasion assay comprising of E. coli DHSoZl containing 

pCMOl was performed in triplicate as described in Section 2.4.3.2. In 

contrast to experiments performed with the GE Incell Analyzer, 

extracellular bacteria were distinguished from those that had invaded 

the mammalian cell monolayer, and the results given In Table 3.6 

Indicate bacteria that are either adherent to the mammalian cell 

monolayer or those that were successful in invasion.

Table 3.6. Characterisation of E. coli DHSaZl expressing PagN 

associated with CHO-Kl cells.

Time (min) Invasion Adhesion

10 8.56 ± 1.37 1.20 ±: 0.41*

15 6.94 ± 1.69 2.64 ± 0.26
20 6.03 ± 0.10* 2.63 ± 0.18
25 7.04 ± 0.24 2.18 ± 0.06*
30 6.68 ± 0.08 2.94 ± 0.27

40 7.63 ± 0.52 3.25 ± 0.31

50 9.15 ± 0.54 3.50 ± 0.28
60 9.93 ± 0.05 3.26 ± 0.11

Cell association and invasion levels are given as the average num ber of bacteria per 

C H O -K l cell, n = 3. *  indicates p < 0 .05  as measured using the one-way ANOVA
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method with the Dunnett post-test to compare all means to the 60 minute tim e point. 

60 minutes was chosen as this is the normal length of invasion used in the GPA.

There was no significant difference in bacterial invasion of CHO- 

K1 cells between 60 min invasion and 10 min invasion {p = 0.477). For 

adhesion, however, there was a statistically significant increase in 

bacterial adhesion when the experiment is allowed to progress for 

between 10 and either 25 or 60 min (p < 0.05, measured using the one

way ANOVA method with the Dunnett post-test to compare the means 

to the 60 minute time point).

One of the major drawbacks of the GPA is the time required to 

complete the assay, from the first hour long incubation with bacteria to 

the 90 minute long incubation with gentamicin. Since there was no 

significant difference between an invasion time of 30 min or 60 min, the 

30 minute invasion time was chosen.

A second high-throughput invasion assay comprising of S. 

Typhimurium SL1344 pCMOl was also performed. Again, for this assay, 

extracellular bacteria were distinguished from those that had invaded 

the monolayer, and the results given in Table 3.7 indicate bacteria that 

have successfully invaded the mammalian cell monolayer or those which 

are adherent to the cells.
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Table 3.7. Characterisation of Salmonella association with CHO- 

K1 cells over time.

Time (min) Invasion Adhesion

10 1.48 ± 0.15* 0.92 ± 0.05*

15 1.61 ± 0.13* 1.22 ± 0.10*

20 1.34 ± 0.13* 1.08 ± 0.13*

25 1.55 ± 0.13* 1.40 ± 0.05*

30 1.63 ± 0.26 * 1.42 ± 0.07*

40 2.67 ± 0.54 1.89 ± 0.12*

50 2.72 ± 0.15 2.57 ± 0.18*

60 2.94 ± 0.21 3.02 ± 0.08

Cell association and invasion levels are given as the average nunnber of bacteria per 

CH O -K l cell, n = 3. *  indicates p < 0 .05  as measured using the one-way ANOVA 

method with the Dunnett post-test to compare all means to the 60 minute tim e point. 

60 minutes was chosen as this is the normal length of invasion used in the GPA.

For Salmonella, there was a significant difference in bacterial 

invasion of CHO-Kl cells between 10, 15, 20, 25, 30 and 60 min invasion 

(p < 0 .005). As Salmonella are able to modify the Salmonella containing 

vacuole (SCV) within epithelial cells to allow for bacterial replication, and 

the bacteria have an average doubling time of 25 min, it is possible that 

after 30 min of invasion, the bacteria begin replicating intracellularly, 

which leads to skewing of the results and the statistically significant 

increase in invasion after 30 min. To combat this misrepresentation, an 

invasion time of 30 min was chosen because the bacteria are able to 

efficiently invade the monolayer but have not yet begun intracellular 

replication.
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S.2.3.2 Dose dependent bacterial invasion and adhesion

As before, it was necessary to find the optimal quantity of bacteria to 

add to each well. High content invasion assays utilising E. coli DHSaZl 

pCMOl pMLl were performed, and a range of bacterial concentrations 

were tested from a multiplicity of infection (MOI) of 10 to an MOI of 90. 

The changes in invasion and adhesion of bacteria to the monolayer are 

shown in Table 3.8, which represent the average of triplicate cultures 

tested in quadruplicate.

Table 3.8. Analysis of the change in PagN expressing E. coli 

adherence to and invasion of CHO-Kl cells.

MOI Invasion Adhesion

10 3.90 ± 0.24 1.39 ± 0.17*

20 3.68 ± 0.07 2.26 ± 0.07

30 3.66 ± 0.13 2.45 ± 0.08

35 3.45 ± 0.16 2.32 ± 0.04

45 3.29 ± 0.01 2.32 ± 0.18

50 3.34 ± 0.29 2.56 ± 0.25

70 3.22 ± 0.10 2.51 ± 0.08

90 3.38 ± 0.23 2.72 ± 0.32
Cell adhesion and invasion levels are given as the average num ber of bacteria per 

C H O -K l cell. M .O .I. indicates the multiplicity of infection, n = 3. *  indicates p < 0 .05  

* indicates p < 0 . 0 5  as measured using the one-way ANOVA method with the Dunnett 

post-test to compare all means to an MOI of 90.

The average number of Invasive bacteria was slightly increased 

compared to the previous optimisation step (3.38 bacteria/CHO versus 

2.49 bacteria/CHO for the GE Incell Analyzer). The difference in 

perceived invasivity was due to the change in staining procedure and 

the greater sensitivity of the Olympus microscope. There was no 

significant increase in the number of invasive E. coli interacting with the 

CHO-Kl cell monolayer when the initial inoculum was increased from an 

MOI of 10 to 90 as measured using a one-way ANOVA method and
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Dunnett post-test to compare all MOIs to an MOI of 90; however, there 

was an increase in bacterial adhesion when an MOI of 10 was compared 

with an MOI of 90 (when measured as described above). It is possible 

that the bacteria behave cooperatively to facilitate adhesion, indicating 

that the higher initial inoculum provides more bacteria to mediate 

attachment to the mammalian cell monolayer. For ease of use, an M.O.I. 

of 90 was chosen.

A similar assay was performed with Salmonella Typhimurium 

SL1344 harbouring pCMOl. The changes in invasion and adhesion of 

Salmonella to the monolayer are shown in Table 3.9.

Table 3.9. Analysis of the change in S. Typhimurium SL1344 

adherence to and invasion of CHO-Kl cells in a dose dependent 
high-throughput assay.

MOI Invasion Adhesion

1 0.56 ± 0.06* 0.43 ± 0.08*

2 0.51 ± 0.08* 0.51 ± 0.09*

3 0.53 ± 0.12* 0.59 ± 0.08*

4 0.55 ± 0.09* 0.59 ± 0.07*

5 0.66 ± 0.13* 0.67 ± 0.11*

7 1.19 ± 0.19 1.00 ± 0.04*

10 1.69 ± 0.00 1.02 ± 0.07
Cell adhesion and invasion levels are  given as the average  n u m b er  of bacteria per 

C H O -K l ceil, n =  3. *  indicates p  < 0 .0 5  as measured using the  o n e -w a y  ANOVA  

method with the  D unnett  post-test to com pare all m eans to an MOI of 10.

There was a significant increase in adhesion when an MOI of 10 

bacteria/CHO is used when compared with an MOI of 1, 2, 3, 4, or 5 (p 

< 0.05). It is possible that once one bacterium has invaded a given CHO 

cell, the cell becomes more receptive to attachment by other bacteria 

meaning that the higher the multiplicity of infection, the more bacteria 

available to invade CHO cells, and the greater the number of adherent
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bacteria. It  is also possible that in the wells treated with a low MOI, 

many bacteria were located in sections of the well where there were few 

mammalian cells while in other areas, there was a surplus of mammalian 

cells when compared with the number of bacteria present leading to the 

low level of adhesion and invasion seen in Table 3.9. In this assay, an 

M.O.I. of 10 was used.

3.2.3.3 Optimisation of the detection of extracellular bacteria

A final high-throughput invasion assay was performed to determine the 

optimal staining procedure for use with the Olympus microscope. In this 

assay, E. coli DHScZl harbouring pMLl and pCMOl were used. As 

before, bacteria were incubated with the CHO-Kl cell monolayer for 30 

min, before non-adherent and loosely adherent bacteria were removed 

via 3 washes in PBS and fixed in 4%  paraformaldehyde. The same range 

of blocking times from no blocking to 30 or 60 min incubation in blocking 

buffer was tested. The primary antibody concentration was again kept 

static at 1:200 diluted in blocking buffer, while secondary antibody 

concentrations of 1:250 or 1:500 (in PBS) were tested. The data shown 

in Fig. 3.8 indicates the average number of extracellular bacteria per 

CHO-Kl cell. The assay was performed with three biological and four 

technical replicates. The wells treated with no prior incubation with 

blocking buffer and a secondary antibody concentration of 1:500 yielded 

the highest number of visible extracellular bacteria with an average of 

~ 5  bacteria per CHO cell. Data were analysed using the one way ANOVA 

method. A post-test Dunnett test was performed to compare all means 

to the the wells containing bacteria exposed to the highest concentration 

of antibody with the lowest blocking time. No significant differences in 

the number of bacteria detected per CHO-Kl cell were observed between 

the staining protocols. The images generated during the secondary 

antibody staining procedure can be seen in Fig. 3.9.
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The same assay was performed for S. Typhimurium SL1344 

pCMOl and bacteria were stained following an identical procedure as for 

E. coli. The mouse monoclonal antl-Salmonella LPS primary antibody 

was added at 1:200 concentration while secondary antibody 

concentrations of 1:250 or 1:500 (in PBS) were tested. This assay was 

performed with three biological replicates in quadruplicate wells. The 

wells treated with no prior incubation with blocking buffer and a 

secondary antibody concentration of 1:250 yielded the highest number 

of visible extracellular bacteria (average of ~5 bacteria per CHO cell) 

with the lowest standard error (Fig. 3.10). Data were analysed as 

described previously for E. coli interactions with CHO-Kl cells. No 

significant differences in the number of bacteria detected per cell were 

observed between the staining protocols.
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FIG 3.8. Optimisation of the staining of extracellular E. coli in a high- 
throughput assay. The average number of E. coli DH5o expressing pagN from 
plasmid pMLl and gfp+ from plasmid pCMOl adhering to CHO-Kl cells was 
calculated. A range of staining procedures were tested and standard error bars 
are shown. -  indicates no blocking while some wells were incubated for 30 or 
60 minutes in 0.2% BSA prior to the addition of the primary anti-vesicle 
antibody. Secondary antibody at a concentration of 1:250 or 1:500 were also 
tested, n = 3. Data were analysed using the one way ANOVA method. A post
test Dunnett test was performed to compare all means to the the wells 
containing bacteria exposed to the highest concentration of antibody with the 
lowest blocking time. Statistical significance was determined for p < 0.05.
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Hoechst GFP Cherry Composite

FIG. 3.9. Optimisation of the staining of extracellular bacteria for use 
in a high-throughput analysis for bacterial invasion using the Olympus 
1X81 platform. E. coli DHSoZl harbouring plasmids pMLl and pCMOl were 
allowed to invade CHO-Kl cells for 30 minutes. Non-adherent or loosely- 
adherent bacteria were removed and the monolayer containing bacteria was 
fixed. A range of blocking times and secondary antibody concentrations were 
tested, (a) No block 1:250 (b) 30 minutes blocking 1:250 (c) 60 minutes 
blocking 1:250 (d) No block 1:500 (e) 30 minutes blocking 1:500 (f) 60 
minutes blocking 1:500. The white bar indicates 20 pm.
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FIG 3.10. Optimisation of the staining of extracellular Salmonella in a 
high throughput assay. The average number of S. Typhimurium SL1344 
expressing gfp+ from plasmid pCMOl adhering to CHO-Kl cells was calculated. 
A range of staining procedures were tested and standard error bars are shown. 
-  indicates no blocking while some wells were incubated for 30 or 60 minutes 
of blocking in 0.2% BSA prior to the addition of the primary anti-vesicle 
antibody. Secondary antibody at a concentration of 1:250 or 1:500 were also 
tested, n = 3. Data were analysed using the one way ANOVA method. A post
test Dunnett test was performed to compare all means to the the wells 
containing bacteria exposed to the highest concentration of antibody with the 
lowest blocking time. Statistical significance was determined for p < 0.05.
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3.3 Discussion

The gentamicin protection assay for analysing bacterial invasion is a 

well-defined phenotypic assay with several m ajor flaws. The GPA is long 

and cumbersome, requiring a week or more depending on the doubling 

tim e of the mammalian cell line used. In  addition to the time required, 

it is a labour intensive assay, requiring dilutions to at least 10'® per 

technical replicate for both the initial inoculum and the post-invasion 

enumeration. On repetition, the assay can yield variable results. Each of 

these drawbacks makes the GPA an outdated method for measuring cell 

invasion by bacteria. In order to circumvent the need for the GPA to 

measure invasion, a high content platform for the analysis of invasion in 

a faster, more quantitative manner was necessary.

Fluorescent microscopy assays to monitor bacterial invasion of 

mammalian cells, phagosome maturation, and gene expression in vivo 

have been well documented (154, 227, 247, 324). Fluorescent assays 

rely on the ability of the microscope to capture and distinguish the 

different emission wavelengths of fluorescent proteins.

There are many different methods for distinguishing intracellular 

versus extracellular bacteria in high-throughput assays. Many 

fluorescently-tagged primary antibodies are commercially available. Of 

the published results relied on to develop our assay, all used a two- 

antibody labelling system where the secondary antibody was coupled to 

a fluorophore. Table 3.10 summarises the major invasion and staining 

procedures used by Misselwitz et ai. (2 4 7 ), Mansson et at. (2 2 7 ), and 

Steinberg et al. (324 ) as compared with our techniques.
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Table 3.10. Comparison of fluorescent microscopy assays.

(2 47 ) (227 ) (3 2 4 ) This study

Intracellular GFP GFP+ Cy3 GFP+

detection

Blocking None None None None

Primary anti-S. None anti anti-vesicle

antibody Typhimurium human or anti-S, 

Typhimurium

Secondary 519 nm None 506 nm 603 nm

antibody

emission

Nuclear stain DAPI Hoechst Hoechst Hoechst

33342 33342 33342

M .O .I 128 N.A. N.A. 10-90

Internalisation 12 5760 15 30

tim e (m in)

All of the protocols advise using Hoechst or DAPI to stain mammalian  

cell nucleic acid. Both stains bind to the minor groove of double stranded 

DNA and em it blue fluorescence. Hoechst and DAPI are relatively 

inexpensive and can be used at very low concentrations. Misselwitz et  

at. used a FITC labelled secondary antibody with an emission/excitation  

wavelength of 4 9 5 /5 1 9  nm to distinguish intracellular from extracellular 

bacteria (2 4 7 ). As GFP+ emits fluorescence at 509 nm, we determined  

that a FITC labelled antibody would not be sufficient to easily 

differentiate bacteria that were successful in invasion versus those that 

remain outside of the cell. Our use of a secondary antibody 

excitation/emission at 568 /603  nm enables us to easily identify green 

from orange (intracellular from extracellular) bacteria.

While staining procedures between the groups did not vary, the 

protocols for invasion showed substantial differences. Those developed

100



by Mansson et al. and Steinberg et al. can be disregarded as they were 

working with live animal assays and macrophage phagocytosis, 

respectively. When compared with Misselwitz e t al., we used a much 

lower M .O .I. For Salmonella, we used an M .O .I. of 10 whereas they used 

an M .O .I. of 130. While adopting an M .O .I. of over 100 would increase 

the numbers of invasive and adherent bacteria captured in the images, 

we did observe ~ 2  invasive bacteria and 1 adherent bacterium per CHO- 

K1 cell. In addition, it became apparent that when an excess of bacteria 

was added to the wells, the ability of the primary and secondary 

antibody to sufficiently stain all bacteria was compromised.

The Misselwitz protocol also differs in bacterial invasion times. The 

protocol developed in this study allowed bacteria to adhere to and invade 

the mammalian cell monolayer for up to 30 min while Misselwitz et al. 

stopped the invasion after 12 min. There was no statistically significant 

difference between Salmonella or E. coll allowed to invade for 10 - 15 

min versus 30 min. An invasion tim e of 30 min was chosen as the 

deviation between samples was lower than that for 15 min invasion (±  

0 .0798  for 30 min versus ±  1.69 for 15 min invasion).

When data generated by the GPA are compared with those 

gathered by the high-throughput assay, the high-throughput assay is 

far superior for detecting the number of bacteria per mammalian cell as 

opposed to the percentage invasion (Table 3 .11 ). It  is possible to easily 

calculate percentage invasion for the HCA by performing a dilution series 

and enumerating the input number of bacteria and calculating the 

number of GFP bacteria per well. It  is not possible, however, to easily 

determine anything other than the percentage invasion for the GPA.
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Table 3.11. A comparison of the average number of bacteria per 

CHO-Kl cell using the gentamicin protection assay versus the 

high-throughput assay.

GPA HCA

Average ~0.132 3.12

bacteria/CHO-Kl

These data indicate the high-throughput assay described in this chapter 

is a useful tool to quickly and quantitatively monitor the adherence to, 

and invasion of mammalian cells by bacteria such as E. coli and 

Salmonella.
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Chapter 4 A Comparison of the PagN 

proteins of S. Typhimurium and 5. Typhi

4.1 Introduction

Gram-negative bacteria are encased by two separate membranes. The 

two membranes differ greatly in both structure and function. The inner, 

cytoplasmic membrane is composed mainly of phospholipids such as 

phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin (192). 

The inner leaflet of the outer membrane is composed of similar 

substances, while the outer leaflet is composed of lipopolysaccharides 

(192, 327). The outer membrane is also described as being "more leaky" 

than the inner membrane due to a number of pore-forming proteins 

(192).

There are two classes of integral membrane proteins consisting of 

either o-helical bundles or p-pleated sheets (192). These two structural 

classes not only serve to categorise membrane proteins but also defines 

their location (192). Transmembrane o-helical proteins are typically 

embedded in the inner membrane while proteins consisting of p-sheets 

are confined to the LPS-based outer membrane (192). Roughly one half 

of the outer membrane consists of protein. This includes integral 

membrane proteins and lipoproteins attached to the membrane via N- 

terminally anchored lipids (192). Though comparatively recalcitrant to 

biochemical analyses, as of December 2014, 332 bacterial outer 

membrane protein structures have been solved (RCSB Protein Data 

Bank).

The non-polar core of the lipid bilayer imposes physical constraints 

on the number of possible designs for stable p-sheets (349). Due to 

these constraints, all transmembrane proteins must fold into a structure 

that is roughly cylindrical across the bilayer. This structure exposes
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predominantly non-polar sidechains to the membrane. Transmembrane 

p-strands are laterally hydrogen bonded in a circular pattern. These 

interstrand hydrogen bonds are the dominant stabilising interaction 

(31). As a result of the hydrogen bonding interactions, (3-barrels make 

very stable structures that do not readily unfold (144, 287). The first 

solved crystal structure of an outer membrane protein was the porin of 

Rhodobacter capsulatus (348). The crystal structure of this porin 

confirmed previous predictions that outer membrane proteins form p- 

barrels.

There are several general structural features common to p-barrel 

proteins. They generally consist of an even number of p-strands with the 

amino- and carboxy-termini located in the periplasm. The number of 

anti-parallel p-strands may range from 8 to 22 (192, 309, 327, 352) and 

their tilts range from 20 to 45° (352). These strands are connected by 

tight periplasmic turns and longer extracellular loops. Much of the 

sequence variability attributed to outer membrane proteins is found in 

the loop regions (309). The predicted size for periplasmic turns ranges 

from 1 to 12 amino acids while the lowest number predicted to be 

feasible for loop formation is 5 (192, 345). The length of the 

transmembrane portion of the p-strands varies between 6 and 25 amino 

acid residues long with an average length of 12.3 residues (192). The 

tilt of the p-strands is generally higher in longer sequences, therefore 

the minimum number of residues required to span the membrane is 

greater.

The primary amino acid composition of the p-sheets gives rise to 

an amphipathic barrel. Residues facing the bilayer are mostiv 

hydrophobic while those exposed to the channel interior are polar. The 

size and hydrophobicity of the protein channel varies between p-barrels. 

For example porins such as OmpC from E. coli and S. Typhimurium have 

water-filled, hydrophilic channels while the membrane adhesin OpcA of 

Neisseria meningitidis has a closed channel (276). A feature seen 

amongst most p-barrels is the ring of aromatic residues found at the
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interface between the sheet and loop domains and the sheets and turns 

(192, 309, 327, 352). This aromatic girdle is thought to bridge the polar 

and non-polar environments present at the protein/bilayer interface.

Recent work undertaken by Ghosh et al. in 2011, identified an 

adhesin and invasin necessary for Sa/mone//a Typhi invasion of epithelial 

cells which they named T2544. They were able to identify this protein 

as a potent immunogen (129). Deletion of the t2544 gene led to a 

decrease in bacterial adhesion and invasion of colonic epithelial cells 

(129). Protein-protein BLAST alignment showed that the T2544 protein 

is >98% identical to the already known PagN protein of Salmonella 

Typhimurium. The purpose of this study was to predict the structure of 

T2544 (termed PagNsiv) and determine how this protein functions as 

compared with the homologous adhesin and invasin of S. Typhimurium 

(PagNsTM). The questions deemed most relevant in this study were:

• What is the predicted topology of PagNsiv?

• Do the PagN proteins of S. Typhimurium and S. Typhi display 

similar levels of erythrocyte adherence?

• Can the PagNsiv protein promote adherence to and invasion of 

epithelial cells?

4.1.1 Statistical Analyses Utilised
All data presented within all graphs in this chapter reflect the mean plus 

or minus the standard error. When the number of strains tested reached 

three or more, a one way analysis of variance test was used. The 

Dunnett post-test analysis was used to compare all means to a control 

mean as indicated in the text. Statistical significance was described for 

values where p < 0.05.
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4.2 Results

4.2.1 Optimisation of an anti-PagN peptide antibody 

for Western immunoblotting

An antibody was required to detect PagN expressed exogenously in E. 

coli. Eurogentec (Belgium) generated an anti-PagN antibody via 

immunization of a rabbit with a peptide coupled to KLH (keyhole limpet 

haemolysin). The peptide sequence, AGDEHTAYDADTKAA, which is 

located in the exposed loop 4 of the protein (from both S. Typhi and 

Typhimurium) was chosen for immunization. As this peptide is surface 

exposed and located at the C-terminus, the generated antibody would 

be able to recognise full-length PagN protein. The antibody was screened 

at three different concentrations: 1:100, 1:1,000, or 1:10,000 against 

lysates from E. coli that had been induced or uninduced for expression 

of PagN. An anti-MBP antibody was used as a loading control (Fig. 4.1). 

The western immunoblots were exposed for 20 seconds (for 1:100 and 

1:1,000 concentrations) or 5 min (for 1:10,000 concentration). 

Expression of PagN was easily detected in the lysates containing induced 

PagN protein at both 1:100 and 1:1,000 antibody concentrations. Due 

to the sequence specificity, there is a lack of cross-reactivity of the anti- 

PagN antibody with other proteins present in the bacterial lysates. 

Although the 1:10,000 dilution of anti-PagN antibody was able to detect 

expression of the PagN protein after exposure for 5 min, the band shown 

in Fig. 4.1 is less bright than those displayed for the 1:100 and 1:1000 

dilutions. A concentration of 1:1,000 was chosen for use in subsequent 

detection of PagN to ensure sensitivity, whilst being parsimonious with 

the quantity of antibody used.
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FIG 4 .1 .  W estern  Im m u n ob lo t  d etection  o f  uninduced  and induced  
PagN ex p r e ss io n  using differing co n cen tra tio n s  o f antibody. A western 
immunoblot was performed using whole cell lysates of E. coli DH5a bacteria 
expressing PagN protein from plasmid pMLl. A band was seen at ~26  kDa 
corresponding to full length PagN protein. Antibody concentrations of 1:1,000 
and 1:10,000 were tested.  The red arrows indicate PagN protein. In each panel, 
lane number  1 refers to the protein ladder, lane 2 to uninduced bacteria, and 
lane 3 to induced PagN expressing bacteria. The ~42  kDa maltose binding 
protein (MBP) was used as a loading control (blue arrows).  The purple asterisk 
in lane 1 indicates an MBP-fusion protein of a higher molecular weight.
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4.2.2  Comparative analysis of PagNsTM and PagNsrv

4.2 .2.1  Bioinformatic analysis of the PagN proteins of S.

Typhimurium and S. Typhi

Protein-protein BLAST (www.ncbi.nlm.nih.gov/BLAST) analysis of the 

PagNsTM primary sequence indicated that the protein is 98% similar to 

PagNsTY(Fig. 4.2). Differences between the proteins included two amino 

acid substitutions in the surface exposed extracellular loops 1 and 2, and 

two amino acid substitutions in transmembrane portions of the proteins. 

Clustal Omega alignment of the two PagN proteins indicated that the 

two proteins share 98.3% similarity. The online programme PRED-TMBB 

indicated that PagNsiv is an outer-membrane |3-barrel protein as the 

sequence scored a value of 2.882 which is lower than the threshold value 

of 2.965 (12). Ghosh et al. demonstrated that PagNsrv is capable of 

binding the glycoprotein laminin (129). Previous studies demonstrated 

that PagNsTM likely binds to a heparan sulphate proteoglycan (204). It  is 

possible that the proteins are able to bind to both laminin and heparan 

sulphate. It is also conceivable that differences in the amino acid 

composition the extracellular loops specify affinity to either laminin or 

heparan sulphate.
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Score Expect Method Identities Positives Gaps

480 bits(1235) 8e-170 Compositional matrix adjust. 235/239(98%) 237/239(99%) 0/239(0%)

PagNsiY 1 MKNFFAVCIIPLWTWSATASAKEGIYITGKAGTSWNVYGINSTFSQEEIVNGiiATLPD

MKNFFAVCIIPLW WSATASAKEGIYITGKAGTSWNVyGINSTFSQ+EIVNGllATLPD 

PagN:;;v 1 MKNFFAVCIIPLWAWSATASAKEGIYITGKAGTSWNVYGINSTFSQDElVNGiiATLPD

PagNsvY 61 RTKGVFGGGVAIGYDFYDPFQLPVRLHLDTTFRGETDAKGGQDIIAFGQPVIilNVKNQVR 

RTKGVFGGGVAIGYDFYDPFQLPVRLELDTTFRGETDAKGGQDIIAFG PVHINVKNQVR 

PagN’siv 61 RTXGVFGGGVAIGYDFYDPFQLPVRLHLDTTFRGETDAXGGQDI lAFGDPVKIN’VKNQVR

PagNs;y 121 MTTYIVNGYYDFUNSTAFTPYISAGVGLAHVKLSKNTIPVGFGINETLSASKNNFAWGAG 

MTTY+VNGYYDFliNSTAFTPYISAGVGLAliVKLSNNTIPVGFGINETLSASKNNFAWGAG 

PagNsiy 121 MTTYMVNGYYDFHNSTAFTPYISAGVGLAHVKLSNNTIPVGFGINSTLSASKNNFAWGAG

PagNa;y 181 IGAKYAVTDNIMIDASYKYINAGKVSISKKHYAGDEHTAYDADTKAASKDFMLGITYAF 

IGAXYAVTD.MMIDASYKYINAGKVSISKNHYAGDEllTAYDADTKAASNDFMLGITYAF 

PagNa;y 181 IGAKYAVTDNIMIDASYKYINAGKVSISKMiYAGDEHTAYDADTKAASNDFMLGITYAF

FIG. 4 .2 . Protein BLAST alignm ent of the extracellu lar loops of the 

PagN protein from S. Typhim urium  (PagNsTM) and PagN from  S. Typhi 

(PagNsTv). Conserved amino acid residues are depicted in white with black 

background while differences are shown in black lettering with a white 

background. Numbering refers to the amino acid residues of the mature 

protein.
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4.2.2.2 P a g N s T Y  is predicted to adopt a p-barrel conformation

The p a g N s T Y  ORF consists of 720 bp corresponding to 239 amino acids. 

Analysis and comparison of the primary sequence revealed the presence 

of a putative amino-terminal signal peptide. The proposed signal 

peptide, 22 residues in length, displays features typical of bacterial 

proteins translocated across the inner membrane via the Sec secretion 

system. This prediction was supported by sequence similarity between 

PagNsTY and the S. Typhimurium adhesin. The mature PagNsTM protein 

starts with an identical Lys residue at the amino-terminal end of the 

protein, which is preceded by identical alanine residues at positions -1 

and -3  relative to the start of the mature protein.

The presence of the predicted signal sequence was strengthened 

by sequence analysis using the SignalP 4.1 program (23). The program 

agreed with predictions that the first 22 amino acids of the primary 

sequence form a signal sequence with a cleavage site immediately after 

the twenty-second residue, an Alanine (data shown in Appendix 1). 

These data demonstrate that PagNsiv has a signal sequence identical to 

that of PagNsTM, suggesting that it is also translocated across the inner 

membrane via the Sec secretion system.

The secondary structure of the mature 217-residue PagN protein 

was predicted using the web-based structural modeling program Phyre2 

(186). Phyre2 predicted the structure of PagNsiv with 100% confidence 

using the nuclear magnetic resonance (NMR) solved structure of opc60 

protein found in Neisseria gonorrhoeae.

The PagNsTY protein was predicted to contain 8 amphipathic 13- 

sheets separated by alternating short ( 2 - 6  residues) turns or long (26 

-  29 residues) loops. Characteristic of p-barrel proteins, each p-sheet 

consists of alternating hydrophobic residues (192). Transmembrane p- 

strands are rich in glycines and aromatic residues such as tryptophan 

and tyrosine are found in two rings that contact the lipid bilayer (192, 

309, 327, 352). Many of the (5-sheets of PagNsiv are flanked by aromatic
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residues, creating such a girdle. Based on these observations, PagN is 

likely to adopt a p-barrel conformation in the outer membrane consisting 

of 8 anti-parallel (3-sheets, connected by 4 long, flexible, surface- 

exposed loops and 3 short periplasmic turns. The predicted surface- 

exposed loops were found to contain a large number of charged 

residues. A model of PagNsrv is predicted in Fig. 4 .3  highlighting the 

main secondary structural features.

4 .2 .2 .3  Construction of a p ag N s j\ expressing plasmid

The pagN  gene of S. Typhi strain BRD948 was amplified by PCR using 

primers T2544fwd and T2544rev. BamHl and Ncol restriction digest 

sites were engineered at either end of the pagN  gene. The plasmid 

vector pTrc99a was chosen as it contains the IPTG inducible Ptrc 

promoter. pTrc99a was digested with B am hl and Ncol restriction 

endonucleases and agarose gel purified. The PCR product was then 

ligated into plasmid pTrc99a to create plasmid pSPl. The pSPl plasmid 

was transformed into chemically competent E. coli X L l  Blue cells and 

the bacteria were grown on LB agar plates containing carbenicillin. 

Plasmid extractions were performed on several overnight cultures of 

bacteria isolated from the antibiotic plates and subsequently digested 

using BamHl and Ncol. The digests were electrophoresed through a 1%  

agarose gel. Putative clones displaying two bands, one at ~720  

nucleotides and one at ~ 4  kilobases, corresponding to the size of the 

amplified insert and the plasmid vector, respectively, were retained. The 

inserts of 3 clones were sequenced. One clone, termed pSPl, contained 

a sequence identical to pagNsrv. A map of plasmid pSPl can be seen in 

Fig. 4 .4 .
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FIG. 4.3. 2-Dimensional Topological model of the PagN protein of S. Typhi, Amino acids with positively charged side-chains 
are coloured blue, while those with negatively charged side-chains are coloured pink. Hydrophobic amino acids are labelled orange while residues 
with aromatic side-chains are green. The red arrows indicate surface-exposed amino acids that differ between PagN̂ TM and PagNsry- The diamonds 
indicate transmembrane residues while the circles are residues located outside of the membrane.
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FIG. 4 .4 . Map of the plasmid pS P l. The positions of the pagN and bla genes 
are indicated as is the P t r c  promoter for IPTG-inducible expression. The origin 
of replication is indicated, which gives rise to a copy number of ~25 
plasmids/cell while the bla gene encodes resistance to ampicillin.
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4.2.2.4 The anti-PagN antibody recognizes both PagNsTM and

PagNsTY

The anti-PagN antibody was raised aga ins t  a peptide f ragm en t  of the  

exposed  fourth loop of th e  protein. This region of th e  protein is 

conserved  be tween  PagNsiM and PagNsiv. It  was  hypothesised th a t  the  

antibody would recognize both PagN proteins.

Once putative PagNsTY express ing plasmids were  sequenced ,  it 

was  important  to de te rm ine  w h e th e r  full length PagN protein was 

produced from plasmid p S P l .  A w este rn  immunoblot  of whole cell 

lysates of both PagNsiM and PagNsrv was performed (Fig. 4 .5  (a)).  For 

both lysates,  a band corresponding to the  PagN protein was seen ,  and 

this band was a b se n t  from lysates containing the  em pty  vector  plasmid. 

Both proteins were  ex p ressed  to approximately  equal levels.

PagN prom otes  agglutinat ion of e ry th rocy tes  as  well as  invasion 

of m am m alian  cells through interaction of th e  bacterial loops with 

receptors  located on the  cell surface .  The proper  associat ion of the  

protein with the  ou ter  m e m b ra n e  is crucial to all PagN-promoted 

phenotypes .  A Western immunoblot  was performed on a preparation of 

o u te r  m e m b ra n e  proteins using sarcosyl enrichment .  Bands 

corresponding to the  ~ 2 6  kDa PagN protein were  seen  in the  lysates 

from bacteria harbouring plasmids pS P l  or pMLl, and  were  a b sen t  from 

the  lysate of bacter ia harbouring th e  vector  plasmid (Fig. 4 .5  (b)).
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a.
Ladder Vector PagNg^y PagNsTy

HP

Ladder Vector PagNsTK PagNsry

FIG. 4 .5 . W estern im m unoblot displaying PagNsTM and PagNsrv 
expression from plasmids pM Ll and pS P l. Whole cell lysates of bacteria 
were prepared and transferred to a PVDF membrane. Anti-PagN antibody was 
used to detect PagN expression from plasmids pMLl and pSPl, respectively 
and the results are shown in panel a. An SDS gel stained using Coomassie stain 
was used to show equal loading in all lanes.
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4.2 .2 .S PagNsTM and PagNsrv agglutinate human erythrocytes

PagNsTM is capable of binding to and agglutinating human erythrocytes 

in a heat-sensitive manner (205). The PagNsiv protein differs from that 

of S. Typhimurium by only two surface exposed changes. Despite these 

sequence differences, PagNsiv may also agglutinate human 

erythrocytes. To test this hypothesis, a m icrotitre haemagglutination 

(HA) assay was performed as described in Section 2.4.1. E. coli K-12 

strain XL-1 containing the pagNsTM expression-vector pM Ll, the pagNsTv 

expression-vector, pSPl, or the empty vector control, pTrc99a, were 

incubated with human erythrocytes overnight. The expression of both 

PagN proteins conferred upon recombinant E. coli the ability to 

agglutinate erythrocytes. Using 1 % blood donated by a type 0"  ̂ human 

female, a bacterial HA titre  of 16 was displayed by PagN-expressing E. 

coli, which was higher than that promoted by E. coli expressing the 

vector plasmid (HA titre  = 2).

4 .2 .2 .6  In teraction  of PagN w ith  C H O -K l epithelial cells

4 .2 .2 .6 .1  PagN-m ediated invasion of C H O -K l cells monitored  

through the GPA

CHO-Kl cells are easily cultured and are readily invaded by strains of 

pathogenic S. Typhimurium (83) and E. coli (111).

To investigate if PagN could promote adhesion to and invasion of 

CHO-Kl cell monlayers, cell association and invasion assays, as 

described in the Section 2.4.3.1, were performed. E. coli DH5a carrying 

the pMLl plasmid were compared with those harbouring the pSPl 

plasmid. PagNsiM expressed exogenously in E. coli has been shown to 

promote strong invasion of CHO-Kl epithelial cells (203, 204).

When PagNsTM was over expressed in E. coli K-12 strain DH5a, 

more than 28% of the inoculum bound to the CHO-Kl cells, while ~12%

116



of bacteria were successful in invasion (Fig. 4 .6 ). E. coli expressing 

PagNsTY, showed similar levels of adhesion (1 8 % ); however, there was 

a significant decrease in the level of invasion (5 % , p < 0 .05 ) compared 

to PagNsTM (Fig. 4 .6 ). These data indicate that PagNsrv and PagNsiM, 

whilst both were capable of adhering to the C HO -K l cell monolayer, may 

differ in their ability to promote invasion.

4 .2 .2.6.2 PagN-m ediated invasion of C H O -K l cells analysed  

using the HCA

The major drawbacks of the GPA in the detection of bacterial interaction 

with mammalian cells have already been discussed in Chapter 3. A high- 

throughput invasion assay was also performed using C H O -K l cells to 

compare PagNsTM and PagNsrv mediated invasion. 12 fields per well (4  

wells per strain) were imaged using the Olympus 1X81 microscope (Fig. 

4 .7 ). In this assay, C HO -K l cells were stained blue using the DNA stain 

Hoechst; both intracellular and extracellular bacteria express GFP, while 

extracellular bacteria were distinguished using the Alexa Fluor 568  

antibody and are orange. An average of 2.0 -  3.5 invasive bacteria per 

C HO -Kl cell were seen for both PagNsiM and PagNsTY while ~ 0 .1  

bacterium per CHO was seen for bacteria harbouring the vector plasmid.

Similar trends were seen for bacteria adhering to the mammalian  

cells. Between 1.9 -  2.8 bacteria per CHO-Kl cell were seen for the PagN 

expressing bacteria while less than 1 bacterium per CHO was visualised 

for the bacteria harbouring the vector plasmid. The data shown in Fig. 

4.8  indicate the average number of intracellular (a ) or extracellular (b) 

bacteria per CHO -Kl cell. Bacteria expressing PagNspt' showed an 

average of 91%  adherence and 83%  invasion of CHO -K l
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FIG 4.6 . Comparison of CHO-Kl cell adhesion and invasion mediated  
by the PagN proteins of S. Typhimurium and Typhi. Gentamicin invasion 
and cell-association assays were performed as described in Section 2.4.3.1. 
The assay was performed in triplicate and the data presented in panel a 
indicate the average percentage of bacterial invasion while the data presented 
in panel b indicate the average bacterial cell association. * *  denotes p < 0.01, 
* * *  denotes p < 0.0001. Data were analysed using the one way analysis of 
variance with the Dunnett post test to compare all means to the bacteria 
expressing PagNsiM.
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PagNsTM Vector PagNsyy

Fig. 4.7. Images generated of PagN-mediated invasion of CHO-Kl cells.
A high-throughput assay of invasion was perform ed and stained as described 
in Section 2 .4 .3 .2 . Im ages were generated using the Olympus 1X81 
microscope. M am m alian cells are stained with Hoechst. Bacteria express GFP, 
and extracellular bacteria were stained orange using a rabbit polyclonal an ti
vesicle antibody and a fluorophore coupled donkey anti-rabbit secondary 
antibody. The white bar indicates 50 pm.
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FIG 4 .8 . Comparison o f C H O -K l ceil adhesion and invasion m ediated  
by th e  PagN proteins o f S. Typhim urium  and Typhi in a high- 
th roughput m anner. A high-throughput invasion assay was performed and 
stained as described in Section 2.4.3.2. An average of 12 fields per well were 
imaged and the data are displayed as the average number of intracellular 
(panel a) or extracellular (panel b) bacteria per CHO-Kl cell. * * *  denotes p  <  
0.001. Data were analysed using the one way analysis of variance with the 
Dunnett post test to compare all means to the bacteria expressing PagNsTM.
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cells when compared relative to that mediated by PagNsTM {p = 0.923 

for adhesion and p = 0.483 for invasion). Data were analysed using the 

one way analysis of variance with the Dunnett post test to compare all 

means to the bacteria expressing PagNsiM.

4 .2 .2 .7  Interaction of PagN with HT-29 enterocytes

While CHO-Kl cells are a valuable resource for determining bacterial 

invasion of epithelial cells, they are not of human origin, and are, 

therefore, not ideal for determination of the Salmonella or Salmonella- 

specific effector mediated invasion. The HT-29 colorectal 

adenocarcinoma cell line was selected as a more relevant cell line for 

investigating PagN-mediated invasion.

4.2 .2 .7 .1  Monitoring of PagN-interaction with colonic epithelial 

cells through the GPA

Association with and invasion of HT-29 cells by E. coll DH5o carrying 

either the pMLl plasmid or the pSPl plasmid was assessed by the GPA. 

PagNsTM expressed exogenously in E. coll has been shown to promote 

invasion of and adhesion to HT-29 cells (203, 205).

When PagNsTM was over expressed in E. coli K-12 strain DH5a, 

~17% of the inoculum associated with the HT-29 cells, while ~1% of 

bacteria were successful in invasion. E. coli expressing PagNsrv, showed 

similar levels of cell association (28%) and invasion (~1% ) (Fig. 4.9); 

however, there was no significant difference in the levels of adhesion or 

invasion mediated by the two PagN proteins. A high level of cell 

association was also seen for bacteria harbouring the vector plasmids 

(~7% ) indicating that either the bacteria are able to adhere to the HT- 

29 cell monolayer independent of the expression of PagN
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FIG 4.9. Comparison of HT29 cell adhesion and invasion mediated by 
the PagN proteins of S. Typhimurium and Typhi. Gentamicin invasion and 
cell-association assays were performed as described in the Section 2.4.3.1 with 
E. coli DH5a expressing PagNsTM and PagNsiv from plasmids pMLl or pSPl, 
respectively. The assay was performed In triplicate and panel a depicts the 
average percentage of bacterial invasion while the data shown in panel b 
indicate the average percentage cell association. There was no statistically 
significant difference in invasion or adhesion mediated by PagNsTY when 
compared with that promoted by PagNsiM. * denotes p < 0.05. Data were 
analysed using the one way analysis of variance with the Dunnett post test to 
compare all means to the bacteria expressing PagNsiM.

122



protein, possibly through the expression of Type-1 fimbriae, or that the 

vector plasmid expresses other proteins that are able to mediate 

attachment to human epithelial cells.

These data indicate that while PagNsiv and PagNsxM differ in their 

abilities to promote invasion of the CHO-Kl cell monolayer, there are no 

differences in PagN-mediated invasion of the clinically relevant colonic 

cell line, HT-29.

4 .2 .2 .7 .2  Observation of PagN-interaction with HT-29 epithelial 

cells using the HCA

A high-throughput invasion assay was also performed using HT-29 cells 

to compare PagNsrw and PagNsrv mediated invasion. The images 

generated by the Olympus 1X81 microscope are displayed in Fig. 4.10. 

Low levels of bacterial association were seen in this assay. An average 

of between 0.5 and 0.7 bacteria per HT-29 cell were seen for both 

PagNsTM and PagNsiv expressing bacteria while 0.1 bacteria per HT-29 

cell were seen for vector-expressing bacteria (Fig. 4.11). There was, 

however, a significant decrease in cell association for PagNsrv- 

expressing bacteria when compared with those expressing PagNsiM (p < 

0.05, as measured using the one way analysis of variance with the 

Dunnett post test to compare all means to the bacteria expressing 

PagNsTM). This significance was not seen using the GPA due to its 

cumbersome technique. The HCA is a far more sensitive technique, 

which allowed the slight, but significant, differences in cell association 

promoted by the PagN proteins to be elucidated
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PagNsTM Vector PagN^jy

Fig. 4 .10. Comparison of PagN-mediated invasion of HT-29 enterocytes 
in a high-throughput manner. A high-throughput assay of invasion was 
performed and stained as described in Section 2.4.3.2. Images were generated 
using the Olympus 1X81 microscope. Mammalian cells are stained with 
Hoechst. Bacteria express GFP, and extracellular bacteria were stained orange 
using a rabbit polyclonal anti-vesicle antibody and a fluorophore coupled 
donkey anti-rabbit secondary antibody. The white bar indicates 50 pm.
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Fig. 4 .11 . Comparison of the interaction of the PagN protein of S. 
Typhimurium and Typhi w ith HT-29 cells in a high-throughput manner.
A high-throughput fluorescent invasion assay was performed as described in 
Section 2.4.3.2. with E. coli DHSoZl expressing PagNsrw and PagNsrv from 
plasmids pMLl or pSPl, respectively. The assay was performed in triplicate 
and the average percentage of cell association relative to PagNsiM is displayed. 
There was no statistically significant difference in cell association mediated by 
PagNsTY when compared with that promoted by PagNsTM. * denotes p < 0.05, 
* * *  denotes p < 0.001. Data were analysed using the one way analysis of 
variance with the Dunnett post test to compare all means to the bacteria 
expressing PagNsTM.
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4.3 Discussion

Despite an overall high level of sequence similarity between the PagN 

proteins of S. Typhimurium and S. Typhi, some important differences 

have been identified. Discrepancies between the amino-acid sequences 

of the two proteins can be found, as well as differences in the predicted 

protein structure and the receptor to which PagN binds (129, 203, 205, 

357). The pagNsTM gene has been well characterised and the conditions 

under which it is expressed have been elucidated (66, 160-162, 205). 

However, the PagNsiv protein is largely uncharacterised. This study was 

conducted to further describe and compare PagNsTv at the protein level 

with the PagNsTM adhesin.

Much of the characterisation of PagNsiv to date has been carried 

out by Ghosh et at. Using a computational analysis suggested by 

Freeman et a/., the Ghosh group predicted the PagNsrv topology to be 

composed of 9 p-strands forming a barrel in the outer membrane with 

residues 30 -  42 and 75 -  97 forming two large extracellular loops (129). 

The Ghosh etal. topology prediction for PagNspr contradicts the structure 

predicted by the three online programmes utilised by this study (Fig. 

4 .12 ) (129). It  is possible that the online programmes utilised in this 

study were false in their predictions; however, Ghosh et at. have 

indicated that there are 9 p-strands forming the transmembrane barrel 

of the protein. This means the N- and C-termini of the protein are located 

extracellularly and periplasmically, respectively. One of the major 

characteristics of p-barrel proteins is their even number of anti-parallel 

p-strands traversing the membrane bilayer (309). The topology 

generated by Ghosh et aL lacks this defining characteristic.

In addition to the concerns regarding Ghosh et al.'s predicted p- 

strand number and topology, they have only named two large 

extracellular loops despite having annotated four exposed loops. Their 

expected extracellular loops 3 and 4 are somewhat consistent with
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Ghosh et aL
MKNFFAVCIIPLVVTWSATASA KEGIYITGKAGTS
VVNVYGINSTFSODEEIVNGHATLPDRTKGVFGGG 
VAIGYDFYDPFQLPVRLELDTTFRGETDAKGGQDII 
AFGQPVHINVKNOVRMTTYIVNGYYDFHNSTAFTP 
YISAGVGLAHVKLS N NTIPVG FGIN ETLS AS KNNFA 
WGAGIGAKYAVTDNIMIDASYKYINAGKVSISKNH 
YAGDEHTAYDADTKAASNDFMLGITYAF

This study
MKNFFAVCIIPLVVTWSATASA|KEGIYITGKAGTS
VVNVYGINSTFSODEEIVNGHATLPDRTKGVFGGG
VAIGYDFYDPFQLPVRLELDTTFRGETDAKGGODII
AFGOPVHINVKNOVRMTTYIVNGYYDFHNSTAFTP
YISAGVGLAHVKLSNNTIPVGFGINETLSASKNNFA
WGAGIGAKYAVTDNIMIDASYKYINAGKVSISKNH
YAG D E HTAYD ADTK AAS N D FM LG ITYAF

FIG. 4 .12 . Comparison of the secondary structure predictions of the 
PagN STY protein. The box surrounds the signal sequence. Residues coloured 
red are predicted to be extracellular while those coloured blue are periplasmic. 
Transnnembrane p-strands are underlined.
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those predicted in this study, though the exact start and end points of 

the loops and transmembrane portions are variable. Ghosh et al. have 

suggested an extra 4 amino acid residues reside extracellularly in the 

exposed loop 4 of the protein (129). The predicted loop 2 of the protein 

is also somewhat consistent with that predicted by this study; the only 

difference lies in the proposed start of the extracellularly located amino 

acid residues. However, the predictions for Loop 1 of the protein are, 

very different to those proposed by this study. The structure proposed 

by Ghosh et al., only contains 15 amino acid residues, which is quite 

small for an exposed loop (we have attributed 28 to loop 1) (129). Ghosh 

et al. proposed the N-terminus PagNsiv protein is exposed on the 

extracellular side of the membrane (129). This would mean that many 

of the amino acids this study has annotated as part of the exposed loop 

1 of the protein are buried in the outer membrane.

The high prediction confidence displayed by the online secondary 

structure prediction tools (203) lend credence to the topology predicted 

in this study as the true secondary structure of the PagNsiv protein.

The ability of Salmonella to bind to, and enter host intestinal cells 

is central to its pathogenesis. Once Salmonella enter the small bowel, 

they must cross the intestinal mucous layer, after which they can attach 

to and invade the intestinal epithelia. Salmonella attach to the host cell 

using capsular proteins and fimbrial projections; fimbrial adhesins such 

as Type 1 fimbriae, curli (or tafi) fimbriae, Pef fimbriae, and Std fimbriae 

are all used by the bacterium to aid in adherence. Each type of fimbriae 

binds to a different cell surface receptor such as the extracellular matrix 

protein laminin, fibronectin, the Lewis X blood group antigen, and other 

receptors expressed in the cecal mucosa (19, 53-55, 65, 82, 200). Once 

initial attachment has taken place, the bacterium moves to a state of 

initmate contact before it begins to mobilise the T3SS-1 and an arsenal 

of effector proteins to produce a response in the host cell and bring 

about invasion. The T3SS injects the effector proteins into the host cell
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thereby initiating phagocytosis by an otherwise non-phagocytic cell 

(Section 1 .5 .6 .1 ).

Bacteria such as Salmonella use shorter, aflmbrial adhesins to 

facilitate the transition between initial and intimate contact. Salmonellae 

have a varied collection of adhesins and invasins thought to aid in this 

transition. PagNsTM has already been characterised as an adhesin and 

invasin (204 , 205). This study sought to characterise the newly 

annotated PagNsTY protein in terms of adhesion and invasion to several 

different mammalian cell types in both a quantitative and high- 

throughput manner.

Data from cell association and invasion assays indicate that 

PagNsTY is also an adhesin and invasin. PagN conferred upon 

recombinant E. coli the ability to adhere to and invade both human (HT- 

29) and non-human (C H O -K l) epithelial cells. Expression of PagNsrv in 

the poorly adhesive E. coli K-12 strain DH5o promoted ~29%  cell 

association with an HT-29 monolayer, as compared with ~17%  cell 

association for PagNsTM expressing bacteria. Low-level invasion was also 

promoted; however, there was no significant difference in invasion or 

association mediated by PagNsrv when compared with that of the 

PagNsTM protein. When levels of PagNsTv-mediated cell association seen 

using the high-throughput assay are measured against cell association 

promoted by PagNsTM, there was a significant decrease in cell 

association mediated by the PagNsrv protein. . It's possible that the 

decrease seen in the HCA is due to a more sensitive system of 

measurement. The GPA is a much utilised assay, however, it can be 

variable and is a more coarse and inelegant system of measurement.

Ghosh et al. also inspected cell association and invasion promoted 

by PagNsrv (129). They determined that PagNsrM, when naturally 

expressed in S. Typhimurium LT2, did not promote the PagN-associated 

phenotypes seen here (129). In their assay, Ghosh et al. grew strains 

of Salmonella in L-broth to mid-log phase prior to invasion (129). As 

previously discussed, the conditions under which pagN  is expressed
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have been elucidated (66, 160-162, 194, 205). Maxinnal expression of 

pagN Is not reached until early stationary phase (194). Growth in MOPS 

minimal media at a pH of 5.8 will also induce maximal pagN expression 

(66, 160-162, 205). As Ghosh et at. did not grow the S. Typhimurium  

strains in pagAZ-inducing media, it is unlikely that they were able to 

distinguish the true contribution of PagNsTMto bacterial association and 

invasion.

In comparison to levels of association observed with HT-29 cells, 

PagNsTY promoted lower levels of association with CHO-Kl cells (23%  

association), though invasion levels were raised (< 1 %  invasion for HT- 

29 cells versus 5% invasion for CHO-Kl cells). There was a significant 

difference in invasion mediated by the two PagN proteins when analyzed 

using the GPA (p < 0 .05). When compared using the high-throughput 

invasion assay, ~3 .2  invasive bacteha/CHO-Kl cell and ~ 2 .7  invasive 

bacteria/CHO-Kl cell were seen for bacteria expressing PagNsTM and 

PagNsTY, respectively. Bacteria expressing PagNsrv showed 83.3%  of 

PagNsTM levels of invasion. There was less of a noticeable difference in 

adhesion levels when the two PagN proteins are compared (90%  of 

PagNsTM-levels of adhesion). There were no significant differences in 

CHO-Kl cell invasion or adhesion between bacteria carrying the PagN- 

expressing plasmids as measured by the HCA.

The discrepancies between cell association and invasion of CHO- 

K l cells as compared to that of HT-29 cells suggest that while HT-29 

cells display greater levels of the PagNsiv receptor than CHO-Kl cells, 

bacteria expressing the PagN protein from S. Typhi are better able to 

invade the hamster-derived cell-line. The inconsistencies seen in 

PagNsTY-mediated cell association and invasion of HT-29 cells may be 

due to the production of bacteriocidal peptides such as defensins (72, 

73, 294, 295). Ovary cells such as CHO-Kl cells do not produce 

defensins, and as such, are more readily invaded. Studies with HT-29 

cells and T84 cells, a colorectal carcinoma derived from a 72 year old 

male, have revealed that differences between human colon carcinoma
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cell lines significantly influence the levels of invasion and the 

mechanisms available for S. Typhimurium to enter into host cells (2 7 8 );  

it is therefore not surprising that bacteria display disparate levels of 

invasion for cell lines from different host animals. Ghosh et al. 

characterised the PagNsTv receptor as the extracellular matrix  

component, laminin, while previous studies by Lambert et al. described 

the PagNsTM receptor as a heparan-sulphate proteoglycan (1 29 , 204). I t  

is possible that the differences in cell-association and invasion levels 

displayed by bacteria expressing the proteins are due to differences in 

expression levels of the receptor molecules on the surface of target cells. 

Future work comparing the two proteins should involve determination of 

PagNsTY-mediated interactions with heparan-sulphate proteoglycans, as 

well as characterisation of PagNsiM-interactions with laminin.

The vast array of data presented in this chapter predicts PagNsiv 

as a p-barrel protein with four large extracellular loops, three short 

periplasmic turns, and an N-terminal signal sequence targetting it to the 

outer membrane using the Sec translocation machinery. Confirmation of 

the structure of PagNsiv should be estabilished in future work through 

the crystallisation of the protein in its native form. PagNspf is also an 

adhesin and invasin comparable to the already characterised PagNsTM 

protein. Using the gentamicin protection assay and a high-throughput 

fluorescent assay of invasion, PagNsrv was shown to promote adhesion 

to and subsequent invasion of cultured epithelial cells in a clinically 

relevant cell type. Future work should include generation of mutant S. 

Typhi Ty2 strains lacking the t2544/pagN  gene and repeated cell 

association and invasion assays using the parental and mutant strains 

of S. Typhi.
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Chapter 5 A Structural and Functional 

analysis of the PagN protein of 
Salmonella enterica

5.1 Introduction

Once enteric bacteria such as Salmonella and E. coll have reached the 

intestinal lumen, the pathogen needs to establish initial contact with the 

epithelium to interact with target cells such as M cells in Peyer's patches. 

These bacteria may employ all or some of an arsenal of secretion 

systems, adhesins, fimbriae, and effector proteins to adhere to and 

invade the gut epithelial layer. Intim ate attachment between the 

eukaryotic cells and bacteria is a prerequisite for the translocation 

activity of the Salmonella SPI-1 T3SS; however, attachment is initally 

mediated by fimbriae and adhesins. PagN is one such adhesin. The 

protein interacts with unknown receptors on the cell surface to promote 

attachment to the epithelial cell monolayer and induce bacterial uptake 

(204, 205). PagN was first identified in 1994 by Belden et al. as they 

identified and characterised the PhoP regulon of S. Typhimurium 14028s 

(22). Douglas Heithoff et al., using in vitro expression technology 

(IVET), were able to identify >100  unique genes in S, Typhimurium  

14028s as specifically expressed during infection of BALB/c mice (160) 

including the pagN gene, which they termed iviVI-A. In 1998, Conner et 

al. identified PagN mutants as less competitive when mutant deletions 

were mixed with the parental strain of S. Typhimurium 14028s and 

intraperitoneally injected into BALB/c mice (66). Heithoff et al. also 

identified the pagN gene as being highly up-regulated in cultured RAW 

264.7 murine macrophages and human epithelial cells such as HEp-2 

(larynx carcinoma) and Henle-407 (embryonic small intestine) cell lines 

(161). In addition to the IVET screens used by Heithoff et al., S.

132



Typhimurium strain 4 /7 4  lacking a functional pagN  gene was shown to 

be attenuated in chickens, pigs, and cattle using transposon-directed 

insertion-site sequencing (TraDIS) (50).

Previous structure/function relationship studies have Indicated 

that the PagN protein adopts a p-barrel outer membrane conformation 

(2 05 ). (3-barrel proteins, such as OmpA, are structurally arranged in 

such a way as to insert the p-sheets into the lipid bilayer of the outer 

membrane and present large hydrophilic loops to the external 

environment (1 9 2 , 327, 352). PagN possesses four large surface 

exposed loops (2 0 5 ) ,  and it is likely that one of these loops interacts 

with a receptor located on the surface of epithelial cells. The E. coli 

proteins Tia and Hek are well-characterised adhesins and invasins (101,  

103, 225). Tia has been shown to be necessary for invasion by 

Enterotoxigenic E. coli and sufficient to promote invasion by a non- 

invasive E. coli K-12 strain (225);  while Hek plays a role in the primary 

attachment of neonatal-meningitic E. coli to epithelial cells (1 0 3 ) . PagN, 

Tia, and Hek are similar proteins (6 2 %  identical. Fig. 5 .1 ) and are 

expected to interact with similar receptors on the cell surface. Work in 

our lab has shown that the second extracellular loop of the Hek protein 

is necessary for all Hek-mediated phenotypes (101, 253 ). In 2009, data 

were published by Lambert and Smith to determine whether the second 

extracellular loop of PagN is a requirement for all PagN-promoted  

phenotypes (2 0 4 ) .  I t  was shown that contrary to the Hek protein, all 

four loops are necessary to produce all PagN-mediated phenotypes 

(204 ). A topological model (Fig. 5 .2 .)  depicts the extent of each of the 

PagN truncates.

It  was suggested that the previous loop-deletion mutants created 

were aggressive and although it was shown that the truncated proteins 

were able to insert in the outer membrane, it is possible that the loop- 

deletion proteins were unable to fully integrate and form a structurally 

sound p-barrel.
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FIG. 5.1. Comparison of loop2 of the Hek and Tia proteins of E. coli with  
the PagN protein of Salmonella. Loop 2 of the Hek protein was aligned with 
the corresponding sequences of Tia and PagN. The amino acid numbers refer 
to the mature proteins. Identical residues are shaded black whilst semi
conserved are shaded grey. Image taken from (208).
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FIG. 5 .2 . 2-D im ensional Topological model of the  PagN protein of S. Typhim urium . Amino acids with positively charged side-chalns are
coloured blue, while those with negatively charged side-chains are coloured pink. Hydrophobic amino acids are labelled orange while residues with 
aromatic side-chains are green. The red lines indicate where previous loop-deletions were made while the purple pentagons indicate where each of the 
loop-deletions created in this study were formed. The diamonds indicate transmembrane residues while the circles are located outside of the membrane.



The purpose of this study was to determine how the structure of the 

PagN relates to its functions. The questions deemed most relevant in 

this study were:

• Are all four extracellular loops of the PagN protein necessary for 

PagN-mediated invasion?

• Does PagN promote autoaggregation when expressed from the 

same promoter as the hek gene?

• Do the conserved charged residues between the Hek and PagN 

proteins affect PagN promoted phenotypes?

• What effect does PagN have on Salmonella adhesion to and 

invasion of mammalian cells?

5.1.1 Statistical Analyses Utilised
All data presented within ail graphs in this chapter reflect the mean plus 

or minus the standard error. When the number of strains tested reached 

three or more, a one way analysis of variance test was used. The 

Dunnett post-test analysis was used to compare all means to a control 

mean as indicated in the text. Statistical significance was described for 

values where p < 0.05.
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5.2 Results

5.2.1 Expression of pagN  from a constitutive 

expression plasmid

5.2 .1.1  Construction of pSP8

Originally, the pagN  gene was cloned under the control of an IPTG 

inducible prom oter to yield plasmid pM Ll (2 03 , 205 ). Experiments 

performed with bacteria harbouring pM Ll are long. In order to 

circumvent the need for the extended period of growth, a constitutive 

expression plasmid where the pagN  gene was under the control of an E. 

coli prom oter was created. The promoter chosen was the Phek of the hek  

gene as it consistently led to high levels of expression of the Hek protein 

(1 0 3 ). Furtherm ore, it was hypothesised that expression of PagN from  

this prom oter would make subsequent experim ental data directly 

comparable to that of a Hek control. Several strategies were attem pted  

in order to clone the pagN  gene under the constitutive Phek promoter.

1. The pagN  gene was amplified without its start codon and inserted 

into pHek6, which had been amplified using inverse PCR to exclude 

the hek  gene. This did not yield any PagN-expressing clones.

2. Next, the Phek prom oter was amplified by PCR to create an Ncol 

restriction site prior to the start of the hek  gene and ligated to a 

prom oter-less pagN  gene expressed in pML4. Unfortunately, as 

the DNA at the promoter is extrem ely AT rich, a reverse primer 

capable of faithfully binding to the DNA could not be created.

3. Finally, pHek6 was mutated to contain a new Ncol site at the start 

codon, this created plasmid pHekN. The pagN  gene was digested 

from pML4 using Ncol and Bam HI and ligated to the pHekN 

backbone, which had been previously digested with the same
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restriction endonucleases to create pSP8. Several clones were 

tested for insertion of the pagN  gene.

I t  was expected when pSPS was digested with H ind lll and Bam\-\l it 

would yield two fragments; the first at 2.9 kbp and the second at 819  

bp. When pHekN was digested, it yielded fragments at 2.9 kbp and 860  

bp, and pML4 (the plasmid from which the pagN  gene was purified) 

yielded fragments at 2.9 kbp and 720 bp. Putative samples were 

sequenced and found to contain the pagN  gene under the control of the 

consitutively active Phek promoter. Figure 5.3 outlines the construction 

of pSP8 and shows an agarose gel of plasmids pSP8, pHekN, and pML4 

after digestion with H ind lll  and BamHl.

5 .2 .1 .2  Full length PagN is produced by pSP8

Once the constitutive expression plasmid was created, a Western 

immunoblot was necessary to determine whether full length PagN was 

produced by bacteria harbouring this plasmid. PagN-production by pSP8 

was compared with production by the inducible pM Ll plasmid via 

Western immunoblotting (Fig. 5 .4 ). The anti-PagN peptide antibody 

(Eurogentec) was used at a concentration of 1 :1000. E. coli express a 

multitude of other proteins including maltose binding protein (MBP). MBP 

can be found in whole-cell lysates of bacteria and is a useful loading 

control. Protein of the correct predicted size (~ 2 6  kDa) was detected for 

the constitutive expression PagN.
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FIG. 5.3. Creation of a pagN  constitutive expression plasmid. An Ncol 
restriction site was created in plasmid pHekS using site-directed mutagenesis 
to create plasmid pHekN. A promoter-less pagN gene was isolated from pML4 
after digestion with Ncol and BamHl (panel a). The pagN gene was ligated with 
the pHekN backbone to give rise to plasmid pSP8 in which the pagN gene is 
under the control of the Phek promoter (panel b). Putative clones were digested 
with Bam Hlll and HindlU. Panel c displays a 2% agarose gel showing a 
digestion of pSP8, pHekN, and pML4. A 2.9 kb band corresponding to the 
plasmid backbone was expected for each. A second band at 816 bp, 860 bp, 
and 720 bp was expected for pSP8, pHekN, and pML4, respectively.
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MBP

FIG . 5 .4 . Expression of PagN protein from  th e  inducible p M L l plasmid  
and the  constitu tive expression plasmid pSP8 in E. coU. Panel a displays 
a Western im m unoblot performed using whole cell lysates of E. coli XL-1 Blue 
cells expressing pagN  from  either the IPTG-inducible pM Ll plasmid or the 
constitutie expression plasmid pSP8. The red arrows indicate PagN protein. The 
pTrc99a vector control is displayed in lane 3, while the protein ladder is 
displayed in lane 1. The ~42 kDa maltose binding protein (MBP) was used as 
a loading control (blue arrows). The purple asterisk in lane 1 indicates an MBP- 
fusion protein o f a higher molecular weight.



5.2 .1 .3  PagN expressed from pSP8 does not promote

autoaggregation

Liquid cultures of E. coli K-12 harbouring the pHek6 plasmid, containing 

the hek  gene were observed to clear rapidly when allowed to stand at 

room -temperature (1 0 3 ) .  Bacteria began to settle out of solution and to 

clump together at the bottom of the culture tube. The rapid bacterial 

settling was termed autoaggregation and is an easily assayed Hek- 

promoted phenotype. Autoaggreggation was not displayed by PagN- 

expressing bacteria (2 0 3 ) ,  however it was suggested that perhaps the 

autoaggregation associated with the Hek protein was due in part to the 

expression of the hek  gene by the P/7e/f promoter. In the pSP8 plasmid, 

the pagN  gene is under the control of the P/7e/c promoter, indicating that  

PagN produced by this plasmid may promote autoaggregation.

The ODsoonm of overnight cultures of bacteria were measured, 

bacteria were harvested by centrifugation, and resuspended to 4 

ODeoonm units/ml. Autoaggregation rates were calculated by monitoring 

change in the ODeoonm of settling overnight cultures every 30 min over 

the course of 3 hours. Vector (pBSKII)-containing E. coli XL-1 Blue were  

used as a negative control, as they autoaggregate at a rate of 0 .0132  

ODeoonm units per minute. E. coli XL-1 Blue containing pHek6 were used 

as a positive control as they autoaggregate at a rate of 0 .136  ODeoonm 

units per minute. E. coli expressing PagN from plasmid pSP8 displayed 

an autoaggregation rate of 0 .0 05 95  ODeoonm units per minute. These 

data indicate that although pagN  was expressed from the hek  promoter, 

the protein was unable to promote similar interactions between bacteria. 

In Fig. 5 .5 , the autoaggreggation of Hek, vector, and PagN expressing 

bacteria is shown over a time course.
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FIG. 5.5. Autoaggregation of E. coli expressing the Hek or PagN 
proteins. The ODeoonm of E. coli X L -1  expressing Hek, PagN, or the vector 
plasmid (from plasmids pHek6, pBSKII, and pSP8, respectively) were 
monitored over the course of 3 hours. At 0 minutes incubation, the khan tubes 
containing the bacterial suspensions was opaque (panel a); however, a rapid 
clearing was seen for bacteria expressing the Hek protein (panel a). This 
clearing was not seen for bacteria expressing the vector plasmid (panel a) or 
PagN protein (panel a). There was a steep drop in the optical density for 
cultures expressing Hek (panel b, circles), and again, this was not displayed 
for bacteria expressing the PagN protein (panel b, triangles) or the vector 
plasmid (panel b, squares).
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5.2 .1 .4  PagN expressed from pSP8 does not mediate invasion

of CHO -Kl cells

The purpose of the creation of pSP8 was to dram atically decrease the 

amount of tim e needed for bacterial growth and protein expression prior 

to the start of invasion and cell association experim ents. Strains of E. 

coli K-12 harbouring pHek6 plasmids are grown overnight and can be 

used in experim ents im m ediately after as the Phek prom oter induces 

constitutive expression. In order to determ ine whether PagN produced 

from the pSP8 plasmid was able to promote invasion of C H O -K l cells, a 

standard gentamicin assay was performed. These data established that 

PagN produced by plasmid pM Ll was internalised in significantly greater 

numbers than the constitutive expression strain harbouring plasmid 

pSP8 (Fig. 5 .6 ). Data from triplicate wells revealed that levels of invasion 

mediated by the constitutive expression PagN protein were reduced by 

96 % , to the same level seen by bacteria harbouring the em pty vector 

plasmid (p < 0 .0 0 1 , as measured using the one way analysis of variance 

with the Dunnett post-test to compare all means to the bacteria 

expressing PagN expressed from plasmid p M L l). The significant 

decrease in invasion mediated by PagN expressed from pSPB is 

interesting. The plasmid was sequenced, confirming the correct 

sequence of the hek  promoter as well as the sequence of the pagN  gene. 

In addition to the correct sequence, a Western immunoblot of the outer 

mem brane confirmed that PagN protein was produced and trafficked to 

the outer m em brane, indicating that there should have been no 

difference between PagN produced by pM Ll when compared with that 

manufactured by pSP8. There are no m ajor differences in the vector 

backbone of the plasmids (pTRC99a for pM Ll and pBluescript I I  SK for 

pSPS), indicating that the differences must lie in either the protein 

expression, or perhaps in the copy number of the plasmid.
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FIG. 5.6. E. coli invasion of CHO-Kl cells via inducible or constitutive 
expression of PagN protein. A gentamicin protection assay was performed 
as described in Section 2.3.4.1. E. coli DHSaZl expressing pagN from the IPTG- 
inducible pMLl plasmid or the constitutive expression pSP8 plasmid were 
incubated with CHO-Kl cell monolayers. External bacteria were killed using 
gentamicin and the internalised bacteria were enumerated. The average 
percentage invasion is depicted. There was a highly statistically significant 
difference seen for bacteria harbouring the empty vector plasmid or the pSP8 
plasmid as compared with the invasion of bacteria harbouring the pMLl 
plasmid. * * *  denotes p < 0.001. Data were analysed using the one way 
analysis of variance with the Dunnett post test to compare all means to the 
bacteria expressing PagN expressed from plasmid pMLl.
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5.2.2 Structure/Function analysis of the PagN 

protein

5.2.2.1 A Comparison of PagN loop-deletion mutants

5.2.2.1.1 Expression of PagN loop-deletion mutants

As described in Section 5.1, the honnologous Tia and Hek invasins of E. 

coli utilise a single extracellular loop to mediate their functions. 

Interestingly, the PagN protein seemed to deviate from this trend as It 

was shown to require all four extracellular loops to mediate invasion 

(204). It  was important to confirm whether PagN protein was produced 

from each plasmid used by Lambert etal. (204). A Western immunoblot 

of whole cell lysates of full-length PagN and PagNAIoops was performed 

(Fig. 5.7). For each lysate, a band corresponding to the PagN protein 

was seen; this band was absent from lysates containing the empty 

vector plasmid, and from the lysate containing the loop four deletion 

mutant. The loop four deletion contains the peptide sequence that was 

used in the anti-PagN peptide antibody; deletion of the fourth 

extracellular loop abolished the ability of the antibody to detect the 

truncated PagN protein. The 42 kDa maltose binding protein (MBP) was 

used as a loading control.
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FIG. 5.7. Expression of full length PagN and PagN truncates in E. coli.
A W estern imm unoblot was perform ed using whole cell lysates of E. coli XL-1 
Blue cells expressing w ild-type pagN  or PagN loop-deletion m utants from  
plasmids pM Ll and p A Loop l-4 , respectively. The pTrc99a vector control is also 
displayed. The Loop4 deletion m utant could not be detected via 
imm unoblotting as the anti-PagN antibody recognises a peptide sequence 
located on the exposed loop4 of the protein. The red arrows indicate PagN 
protein. +  indicates the addition of IPTG while -  indicates no IPTG was added. 
The 42 kDa maltose binding protein (MBP) was used as a loading control.
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5.2.2.1.2 Interaction of PagN with mammalian epithelial cells

To investigate if the removal of tine extracellular loops of PagN affected 

the adhesion to and invasion of C H O -K l monolayers a high-throughput 

invasion assay was performed as described in Section 2 .4 .3 .2 . E. coli 

D H S aZ l carrying the pMLl plasmid were compared with those 

harbouring the loop-deletion plasmids. PagN expressed exogenously in 

E. coli has been shown to promote strong invasion of C H O -K l epithelial 

cells ( (2 0 4 , 2 0 5 ), Section 4 .2 .2 .6 .1 /2 ) .  12 fields per well (4 wells per 

strain) were imaged using the Olympus 1X81 microscope (Fig. 5 .8 .) .  An 

average of 6 .3  -  6 .7  invasive bacteria per C H O -K l cell were seen for 

full-length PagN while less than 1 bacterium per CHO was seen for 

bacteria harbouring the vector plasmid or any of the PagN loop-deletion 

plasmids. Similar trends were seen for bacteria adhering to the 

mammalian cells; between 3.3 -  3 .5 bacteria per C H O -K l cell were seen 

for the PagN expressing bacteria while less than 1 bacterium per cell 

was visualised for the vector and loop-deletion plasmids. The data shown 

In Fig. 5 .9 indicates the average number of intracellular (panel a) or 

extracellular (panel b) bacteria per C H O -K l cell. Deletion of each of the 

loops decreased invasion or adhesion by 95 to 99 percent as compared 

with wild-type PagN. There was a highly statistically significant 

difference between full-length PagN-mediated adhesion to and invasion 

of C H O -K l ceils and that mediated by any of the loop-deletion mutants 

(p < 0 .0 0 0 1 , tested by one-way ANOVA method and Dunnett post-test 

to compare all means to full-length PagN). These data were in 

agreement with that generated by Lambert e t al. (2 0 4 ) . Using the 

previously created loop-deletion constructs, the PagN protein requires 

all four extracellular loops to interact with C H O -K l cells.
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Alexafluor Fused 
Hoechst GFP 568 image

FIG 5.8. Images of PagN-mediated invasion of CHO-Kl epithelial cells.
A high-throughput fluorescent invasion assay was performed as described in 
Section 2.3.4.2. to determine whether all four extracellular loops of the PagN 
protein are necessary to mediate adhesion to and invasion of CHO-Kl cells. E. 
coli DHSoZl expressed PagN from plasmid pMLl and the mutant PagN proteins 
from plasmids pLooplAi6-4s, pLoop2a7i-96, pLoop3Ai27-i53, and pLoop4Ai82-207, 
respectively or harboured an empty vector plasmid. Mammalian cells were 
stained with hoechst, bacteria express GFP, and extracellular bacteria were 
distinguished using an Alexafluor 568 nm antibody. The white bar indicates 50 
pm.

148



FIG 5.9. PagN-mediated invasion of CHO-Kl epithelial ceils. A high- 
throughput fluorescent invasion assay was performed as described in Section 
2 .4 .3 .2 .  to confirm whether all four extracellular loops of the PagN protein are 
necessary to mediate adhesion to and invasion of CHO-Kl cells. E. coli DHSaZl 
expressed PagN from plasmid pMLl and the mutant PagN proteins from 
plasmids pLOOplA16-4S/ pLOOp2A71-96, pLOOp3A127-153/ and pLOOp4AlS2-207;
respectively. The assay was performed in triplicate and the average number of 
intracellular (panel a) or extracellular (panel b) bacteria per CHO-Kl cell is 
displayed. There was an extremely statistically significant difference in invasion 
mediated by full-length PagN when compared with that promoted by the PagN- 
truncates ( * * *  indicates p < 0.0001). Data were analysed using the one way 
analysis of variance with the Dunnett post test to compare all means to the 
bacteria expressing full-length PagN protein.



5 .2 .2 .2 Interaction of PagN with HT-29 enterocytes

A high-throughput invasion assay was also performed using HT-29 cells 

to compare PagN-mediated invasion of a more infection relevant cell 

line. The images generated by the Olympus 1X81 microscope are 

displayed in Fig. 5 .10 . There was a highly significant difference between 

full-length PagN-mediated adhesion to and invasion of H T-29 cells and 

that mediated by any of the loop-deletion mutants (p < 0 .0 0 0 1 ) (Fig. 

5 .1 1 (a ) and 5 .1 1 (b )). A 95 to 99 percent decrease in adhesion was also 

seen for the PagN-loop deletion mutants. While these data indicate that 

PagN absolutely requires all four extracellular loops to mediate  

interactions with receptors on the surface of m am malian epithelial cells, 

it is possible that the truncations affected the stability of the protein in 

the outer m em brane, thus abrogating its function. Therefore, less 

aggressive loop-deletion mutants were engineered to test this theory.

5 .2 .2 .2 .1  Creation of new  pagN  loop-deletion m utants

A series of new, less drastic loop-deletion m utant ORFs were constructed 

based on the PagN expression vector, pM Ll. Inverse PCR, using 

divergent primers which flank the region to be deleted (Table. 2 .3 ), were  

used to generate a linear fragm ent lacking the DNA sequence 

corresponding to a particular loop. Re-ligation of this linear DNA 

produced an expression vector capable of expressing a m utant PagN 

protein lacking one of the four loop sections. In order to retain a correctly 

folded protein, the individual loops were replaced with Arginine - Alanine 

di-am ino acid sequence. Arginine was chosen for its turn-prom oting  

properties (2 9 2 ) and Ala as it has a short side chain. In
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A lexafluor
Hoechst GFP 568 Composite

FIG 5.10. Images of PagN-mediated invasion of human HT-29 cells. A
high-throughput fluorescent invasion assay was performed as described in 
Section 2.2.4.2. to determine whether all four extracellular loops of the PagN 
protein are necessary to mediate adhesion to and invasion of HT-29 cells. E. 
coli DHSaZl expressed the vector plasmid, or PagN from plasmid pMLl and 
the mutant PagN proteins from plasmids pLooplai6-45, pLoop2A7i-96, pLoop3Ai2?- 
153, and pLoop4Ai82-207, respectively. Mammalian cells were stained with 
Hoechst, bacteria express GFP, and extracellular bacteria were distinguished 
using an Alexafluor 568 nm antibody. The white bar indicates 50 pm.
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5 .11 . In teraction  o f  PagN protein w ith  HT-29 colonic epithelial cells . A
high-throughput  f luorescent Invasion assay  was perfornned as  described in 
Section 2.4 .3 .2.  to confirm w hether  all four extracellular loops of the  PagN 
protein are  necessary  to media te  adhes ion to and invasion of HT-29 cells. E. 
coli DHSoZl expressed  PagN from plasmid pMLl and the m u tan t  PagN proteins 
from plasmids pLooplAie-45, pLoop2A7i-96, pLoop3Ai27-i53, and pLoop4Ais2-207, 
respectively. The assay  was performed in triplicate and the  average  num ber  of 
intracellular (panel a) or extracellular (panel b) is displayed. There was an 
extremely statistically significant difference in both adhes ion and invasion 
mediated by full-length PagN when compared  with th a t  promoted by the  PagN- 
truncates .  *** denotes  p < 0 .0001.  Data were analysed using the one way 
analysis of variance with the  Dunnet t  post t e s t  to compare  all m eans  to the  
bacteria expressing full-length PagN protein.
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this manner, four expression vectors were constructed each one lacking 

the DNA coding for one of the four predicted loop domains. The structure 

of putative mutant plasmids was confirmed by diagnostic endonuclease 

digests. Each plasmid was sequenced to confirm the DNA sequence of 

the insert and they were designated plooplAis-42, ploop2A74-96, 

ploop3Ai3i-i50, and ploop4Ai84-205. The extent of each loop deletion is 

shown in the topological model depicted in Fig. 5.2.

5 .2 .2 .2 .2  Expression of PagN loop-deletion mutants

Once putative PagN-loop deletion-expressing plasmids were sequenced. 

It was important to determine whether PagN protein was produced from 

each plasmid. A western immunoblot of whole cell lysates of full-length 

PagN and PagNAIoops was performed (Fig. 5.12 (a)). For each lysate, a 

band corresponding to the PagN protein was seen, and this band was 

absent from lysates containing the empty vector plasmid, and from the 

lysate containing the loop four deletion mutant. An SDS gel was 

prepared in tandem with the Western immunoblot and was subsequently 

stained using Coomassie stain to demonstrate equal loading in all lanes 

(Fig. 5.12(b)).

5 .2 .2 .2 .3  In teraction  of PagN with CHO-Kl cells

To investigate if the removal of the extracellular loops of PagN affected 

the adhesion to and invasion of CHO-Kl monlayers a high-throughput 

invasion assay was performed as described in Section 2.3.4.2. E. coli 

DH5aZl carrying the pMLl plasmid were compared with those 

harbouring the new loop-deletion plasmids. Images generated using the 

Olympus 1X81 microscope are displayed in Fig. 5.13. An average of 2.8 

-  3.6 invasive bacteria per CHO-Kl cell were seen for full-length PagN 

while less than 1 bacterium per cell was seen for bacteria
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FIG. 5.12. Expression of full length PagN and PagN truncates in E. coli.
A Western immunoblot was performed using whole cell lysates of E. coli XL-1 
Blue cells expressing w ild-type pagN  or PagN loop-deletion m utants from  
plasmids pM Ll and pA Loopl-4 , respectively (panel a). The pTrc99a vector 
control are also displayed, though they could not be detected by the anti-PagN  
antibody. The Loop4 deletion m utant could not be detected via immunoblotting  
as the anti-PagN antibody recognises a peptide sequence located on the  
exposed loop4 of the protein. The red arrows indicate PagN protein. An SDS 
gel stained with Coomassie stain is depicted in panel b to show equal loading.
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A lexafluor
Hoechst GFP 568 Composite

FIG 5.13. Im ages of PagN-mediated invasion of CHO-Kl epithelial 
cells. A high-throughput fluorescent invasion assay was performed as 
described in Section 2.3.4.2. to determine whether all four extracellular loops 
of the PagN protein are necessary to mediate adhesion to and invasion of CHO- 
K l cells. E. coli DHScZl expressed PagN from plasmid pMLl and the mutant 
PagN proteins from plasmids pLooplA is-42, pLoop2 A?4-96, pLoop3 Ai3i - i50, and 
pLoop4Ai84-207, respectively or the empty vector plasmid. Mammalian cells were 
stained with Hoechst, bacteria express GFP, and extracellular bacteria were 
distinguished using an Alexafluor 568 nm antibody. The white bar indicates 50 
|jm.
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harbouring the vector plasmid or any of the PagN loop-deletion 

plasmids. Similar trends were seen for bacteria adhering to the 

mammalian cells; between 2.0 -  2.8 bacteria per CHO-Kl cell were seen 

for the PagN expressing bacteria while less than 1 bacterium per CHO 

was visualised for the vector and loop-deletion-expressing bacteria. The 

data shown in Fig. 5.14 indicates the average number of intracellular 

(panel a) or extracellular (panel b) bacteria per CHO-Kl cell. Deletion of 

each of the loops decreased the invasion by 86 to 91 percent as 

compared with wild-type PagN. There was a highly statistically 

significant difference between full-length PagN-mediated adhesion to 

and invasion of CHO-Kl cells and that mediated by any of the loop- 

deletion mutants (p < 0.0001). These data reflect those presented in 

Section 5.2.2.1.2. PagN absolutely requires all four loops for adherence 

to and invasion of CHO-Kl cells.

5 .2 .2 .2 .4  In teraction  of PagN w ith  HT-29 cells

A high-throughput invasion assay was also performed using HT-29 cells 

to compare PagN-mediated invasion of a more infection relevant cell 

line. The Olympus 1X81 was used to collect the images in Fig. 5.15. 

There was an average decrease in cell association of 86 to 92 percent 

as compared with w ild-type PagN (Fig. 5.16.). There was a highly 

significant difference between full-length PagN-mediated invasion of HT- 

29 cells and that mediated by any of the loop-deletion mutants (p < 

0.0001). These data agree with previously published data regarding the 

necessity of the extracellular loops of PagN (204) and establish tha t for 

PagN-mediated adhesion to and invasion of epithelial cells, all four loops 

are absolutely required. The abolition of invasion upon loss of any one 

loop suggests that either the PagN loops may have a more stabilising, 

structural role as compared with other un-structured p-barrel surface-
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exposed loops, or each of the loops may play a role In interacting with 

the PagN receptor molecule.

5.2.3 The requirement for selected, conserved
residues within loop two

5.2.3.1 Single amino acid substitutions in loop two

In the previous sections, it was reported that all of the loops of PagN are 

of equal importance with regards to the promotion of invasion of 

epithelial cells. Comparison of the primary sequence of PagN, Hek and 

Tia reveal that there are several identical residues in the amino acid 

sequence predicted to form loop 2 of the proteins (205). This would 

suggest that these residues may be involved in the function of the 

protein. Many of these residues are charged amino acids and may 

participate in receptor binding. To investigate the contribution of 

selected residues, namely Arg 71, Asp 75, Lys 77 and Asp 81, site- 

directed mutagenesis was performed on the plasmid pMLl by Lambert 

(203).

To confirm the expression of all four mutant proteins, whole cell lysates 

of E. coli DH5a containing each of the four mutant expression vectors 

and the parental construct, pM Ll, were extracted, separated by SDS- 

PAGE, transferred to a PVDF membrane and analysed by Western 

immunoblotting using anti-PagN peptide antiserum. Proteins were 

detected for all four mutants (Fig. 5 .17). The 42 kDa maltose binding 

protein was used as a loading control. An MBP-fusion protein of a higher 

molecular weight is displayed in the lane containing the ladder.
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FIG 5.14. PagN-mediated invasion of CHO-Kl epithelial cells. A high- 
throughput fluorescent invasion assay was performed as described in Section 
2.4.3.2. to determine whether all four extracellular loops of the PagN protein 
are necessary to mediate adhesion to and invasion of CHO-Kl cells. E. coli 
DHSoZl expressed PagN from plasmid pMLl and the mutant PagN proteins 
from plasmids pLooplAis-42, pLoop2A?4-96, pLoop3Ai3i-i50, and pLoop4Ai84-2os, 
respectively. The assay was performed in triplicate and the average number of 
intracellular (panel a) or extracellular (panel b) bacteria per CHO-Kl cell is 
displayed. There was a highly statistically significant difference in invasion 
mediated by full-length PagN when compared with that promoted by the PagN- 
truncates. * * *  denotes p < 0.0001. Data were analysed using the one way 
analysis of variance with the Dunnett post test to compare all means to the 
bacteria expressing full-length PagN protein.



A lexafluor
Hoechst GFP 568  Com posite

FIG 5.15. Images of PagN-mediated invasion of human HT-29 cells. A
high-throughput fluorescent invasion assay was performed as described in the 
Section 2.3.4.2 to determine whether all four extracellular loops of the PagN 
protein are necessary to mediate adhesion to and invasion of HT-29 cells. E. 
coli DHScZl expressed the vector plasmid or PagN from plasmid pMLl and the 
mutant PagN proteins from plasmids pLooplA ie-45 , pLoop2A?4-96, pLoop 3A i3 i-i50 , 
and pLoop4ai82-205, respectively. Mammalian cells were stained with Hoechst, 
bacteria express GFP, and extracellular bacteria were distinguished using a 
rabbit polyclonal anti-vesicle antibody and an Alexafluor 568 nm coupled anti
rabbit antibody. The white bar indicates 50 pm.
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FIG 5 .1 6 . PagN -m ediated invasion of H T-29 enterocytes. A high- 
throughput fluorescent invasion assay was performed as described in Section 
2.4.3.2. to determ ine w hether all four extracellu lar loops o f the PagN protein 
are necessary to mediate invasion into HT-29 colonic epithelial cells. E. coli 
DHSaZl expressed PagN from  plasmid pM Ll and the m utant PagN proteins 
from plasmids pLooplAis-42, pLoop2A74-96, pLoop3Ai3i-i5o, and pLoop4Ai84-2os, 
respectively. The assay was performed in trip licate and the average number of 
adherent or invasive bacteria per HT-29 cell. There was a highly statistically 
significant difference in cell association mediated by fu ll-length PagN when 
compared w ith tha t promoted by the PagN-truncates. * * *  denotes p < 0.0001. 
Data were analysed using the one way analysis o f variance with the Dunnett 
post test to compare all means to the bacteria expressing fu ll-length PagN 
protein.
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FIG. 5.17. Expression of full length PagN and PagN site-directed  
mutants in E. coli. A Western immunoblot was performed using whole cell 
lysates of E. coli XL-1 Blue cells expressing wild-type PagN or the PagN site- 
directed mutants from plasmids pMLl and pR71A, pD75A, pK77A, and pD81A. 
The pTrc99a vector control is displayed in lane 3. The red arrows indicate the 
26 kDa PagN protein. + indicates the addition of IPTG while -  indicates no IPTG 
added. The 42 kDa maltose binding protein (MBP) was used as a loading 
control. An MBP-fusion protein of a higher molecular weight can be seen in the 
lane containing the protein ladder.
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5.2 .3 .2  Single amino acid substitutions within loop 2 affect 

PagN-mediated invasion of CHO-Kl epithelial cells

It has previously been reported that the second extracellular loop of the 

homologous Hek protein is necessary for Hek-promoted invasion of 

epithelial cells (101). There are several conserved charged amino-acid 

residues in the second extracellular loop of PagN, raising the possibility 

that one or all of these charged amino acids interacts with receptors on 

the mammalian cell surface. In order to test this hypothesis, a high- 

throughput invasion assay using E. coli DHSaZl expressing each of the 

amino-acid substitute proteins and CHO-Kl cells was performed (Fig. 

5.18). Invasion levels seen by bacteria harbouring these mutant 

plasmids (Fig. 5.19(a)) were quite different to those seen by Lambert in 

2009 (204). Mutation of any of the amino acid residues in Loop 2 of the 

protein had no effect on invasion levels when compared to invasion 

mediated by the wild-type PagN protein using the one-way ANOVA 

method and Dunnett post-test. Although, bacteria expressing the R71A 

mutant protein displayed an increase in adhesion to CHO-Kl cells (p < 

0.05). This was not seen for any other mutant, indicating that R71 may 

block the ability of other amino acid residues to promote binding to the 

mammalian cell receptor. The high-throughput assay also revealed no 

significant effects of the Lys 77 (K77A) or Asp 81 (D81A) mutations on 

PagN-mediated invasion. While the K77A and D81A mutations displayed 

no significant effect on PagN-mediated invasion, there was a 9 and 26 

percent decrease in invasion promoted by these proteins with respect to 

wild-type which was in agreement with observations by Lambert (203). 

Interestingly, bacteria expressing any of the site-directed mutant 

proteins, aside from the K77A mutation, appeared to be more able to 

easily adhere to the CHO-Kl cell monolayer when compared with wild- 

type levels of adhesion.
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FIG 5 .1 8 . Im ag es  of PagN-m ediated invasion of C H O -K l ep ithelia l 
cells. A high-throughput fluorescent invasion assay was performed as 
described in Section 2.3.4.2. to determ ine whether all four extracellu lar loops 
of the PagN protein are necessary to mediate adhesion to and invasion of CHO- 
K l cells. E. coli DHSoZl expressed the empty vector plasmid or PagN from 
plasmid pM Ll and the m utant PagN proteins from plasmids pR71A, pD75A, 
pK77A, and pD81A, respectively. Mammalian cells were stained with Hoechst, 
bacteria express GFP, and extracellu lar bacteria were distinguished using an 
Alexafluor 568 nm antibody. The white bar indicates 50 pm.
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5.19. Analysis of the effect of single amino acid substitutions of loop2 
of PagN protein on CHO-Kl cell adhesion and invasion. A high- 
throughput fluorescent invasion assay was performed as described in Section 
2.4.3.2. to determine whether any or all of the conserved charged amino acid 
residues of Loop two of PagN are necessary to mediate adhesion to and 
invasion of CHO-Kl cells. E. coli DH5cZl expressed PagN from plasmid pMLl 
and the mutant PagN proteins from plasmids pR71A, pD75A, pK77A, and 
pD81A, respectively. The assay was performed in triplicate and the average 
number of intracellular (panel a) or extracellular (panel b) bacteria per CHO- 
K l cell is displayed. * denotes p < 0.05, * *  denotes p < 0.01. Data were 
analysed using the one way analysis of variance with the Dunnett post test to 
compare all means to the bacteria expressing wild-type PagN protein.
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5.2 .3.3  Single amino acid substitutions within loop two do not

affect PagN-mediated invasion of HT-29 epithelial cells

As with the PagN loop deletion mutants, it was important to determine 

whether the same trends were seen when bacteria were exposed to the 

HT-29 colonic cell line. Another high-throughput invasion assay was 

performed using E. coli DHScZl expressing each of the amino-acid 

substitute proteins (Fig. 5.20). For each of the mutants tested, there 

was no significant difference seen in bacterial invasion (Fig. 5.21(a)). 

The bacteria expressing the D75A mutant protein exhibited a significant 

decrease in adhesion to the HT-29 cell monolayer when compared with 

adhesion mediated by the wild-type PagN protein (p < 0.05, Fig. 

5.21(b)).

The differences between CHO-Kl cell association/invasion and 

that of bacteria exposed to HT-29 cells is possibly due to differences in 

receptor concentrations between the two cell lines. In addition to 

differing concentrations of cell surface receptors, HT-29 cells produce a 

number of antibacterial peptides; these peptides may contribute to the 

reduction in cell association/invasion to levels in which it is difficult to 

discern small changes in the associated mutant phenotype. Table 5.1 

displays a summary of the structure/function relationship of PagN with 

invasion of two separate mammalian cell lines.
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FIG 5 .20. Im ages of PagN-m ediated invasion of human HT-29 cells. A
high-throughput fluorescent invasion assay was performed as described in 
Section 2.4.3.2. to determine whether all four extracellular loops of the PagN 
protein are necessary to mediate adhesion to and invasion of HT-29 cells. E. 
coli DHSaZl expressed PagN from plasmid pMLl and the m utant PagN proteins 
from plasmids pR71A, pD75A, pK77A, and pD81A, respectively. Mammalian 
cells were stained with Hoechst, bacteria express GFP, and extracellular 
bacteria were distinguished using a rabbit polyclonal anti-vesicle antibody and 
an Alexafiuor 568 nm coupled anti-rabbit antibody. The white bar indicates 50 
pm.
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FIG. 5.21. Interaction of PagN site-directed mutants with human 
colonic HT-29 ceils. A high-throughput fluorescent invasion assay was 
performed as described in Section 2.4.3.2. to determine whether any or all of 
the conserved charged amino acid residues of Loop two of PagN are necessary 
to mediate adhesion to and Invasion of HT-29 cells. E. coli DHScZl expressed 
PagN from plasmid pMLl and the mutant PagN proteins from plasmids pR71A, 
pD75A, pK77A, and pD81A, respectively. The assay was performed in triplicate 
and the average number of Intracellular (panel a) or extracellular (panel b) 
bacteria per HT-29 cell Is displayed. * denotes p < 0.05, * * *  denotes p < 
0.0001. Data were analysed using the one way analysis of variance with the 
Dunnett post test to compare all means to the bacteria expressing wild-type 
PagN protein.
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Table 5.1. Comparison of PagN mutants in mammalian cell

association and invasion

PagN-mutant
CHO-Kl

Invasion

CHO-Kl

Association

HT-29

Invasion

HT-29

Association

Source

L 0 0 p la i6 - 4 5 - 95% -95% - 82% - 90% (205)

L 0 0 p l A l 8 - 4 2 - 86% -94% n.t. - 86% This study

L o o p 2 a 7 i - 9 6 - 97% -96% - 84% - 92% (205)

L O O p 2 a 7 4 -9 6 - 90% -96% n.t. - 83% This study

L O O p 3 a i2 7 - 1 5 3 - 98% -99% - 92% - 96% (205)

LO O p3ai31-150 - 89% -96% n.t. - 92% This study

L O O P 4 a 182-207 - 96% -97% - 94% - 97% (205)

L O O P 4 a 184-205 - 91% -95% n.t. - 92% This study

R71A n.s. + 71% n.t. n.s. (203)

D75A n.s. n.s. n.t. - 39% (203)

K77A n.s. n.s. n.s. n.s. (203)

D81A n.s. n.s. n.s. n.s. (203)

n.t. indicates samples not tested, n.s. indicates results that are not significant.
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5.2.4 Quantitative cell association and invasion 

assays of PagN-expressing Salmonella

5.2.4.1 Interaction of Salmonella with human HT-29 cells

Although the data presented in the previous sections demonstrate that 

PagN does promote E. coli adhesion to and invasion of mammalian cell 

lines such as C H O -K l and HT-29 cells, it is a Salm onella-speaflc  protein, 

and its role in Salmonella adhesion and invasion should be determined. 

Gentamicin protection assays were first performed to determine the role 

of PagN in mediating interactions with HT-29 cells. In this assay, the 

Salmonella Typhimurium SL1344 derivative named MLS was used as a 

negative control for invasion. MLS lacks the invA gene, which abrogates 

functionality of the SPI-1 encoded T3SS apparatus. ML6, an S. 

Typhimurium SL1344 derivative lacking a functional pagN  gene, was 

used to determ ine the contribution of PagN to Salmonella adhesion and 

invasion. Overnight cultures of S. Typhimurium SL1344 and the SL1344 

derivatives were incubated with HT-29 cell monolayers and the 

percentage invasion and cell association were calculated. The data In 

Fig. S .22(a) depicts the average percentage invasion. There was a 

significant decrease in invasion seen by MLS (SL1344A/V?v^/A) bacteria (- 

88%  Invasion, p < O.OS, tested by one-way ANOVA method and Dunnett 

post-test to compare all means to wild-type SL1344 bacteria). A 

functional SPI-1 secretion system is necessary for bacteria to efficiently 

inject effector proteins and cause actin cytoskeletal rearrangements, 

thereby facilitating bacterial uptake (Discussed in Section l.S .6 .1 ) .  

There was also a moderate decrease in invasion seen by the PagN- 

deficlent ML6 bacteria (-S 9% , p < O.OS). As expected, there was no 

significant decrease in bacterial adhesion upon
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5.22. Analysis of the interaction of PagN-deficient Salmonella with HT- 
29 cells. A gentamicin protection (invasion) assay was performed as described 
in Section 2.4.3.1. to determine the role of PagN in mediating Salmonella 
attachment to and invasion of the human colonic cancer cell line HT-29. 
Salmonella SL1344 was used as a positive control while the SPI-1 mutant strain 
SL1344AinvA was used as a negative control for invasion. The strain 
SL1344ApagA/ lacks a functional pagN gene. The assay was performed in 
triplicate and the average percentage invasion (panel a) and cell association 
(panel b) is displayed. * denotes p < 0.05, * *  denotes p < 0.01. Data were 
analysed using the one way analysis of variance with the Dunnett post test to 
compare all means to wild-type SL1344 bacteria.

170



deletion of the SPI-1 secretion system (+ 8 1 % , p = 0 .100 ). SPI-1 is not 

necessary for bacterial adhesion. The genes encoding the system are 

not up-regulated until the bacteria have formed an intimate attachment 

to the epithelial cell monolayer. There was, however, a statistically 

significant increase in bacterial cell association upon removal of the pagN  

gene (+ 2 7 1 % , p < 0 .05 ). This is interesting, as previous studies have 

shown that PagN is necessary to mediate efficient adhesion to and 

invasion of HT-29 cells (205 , 357). The m ajor difference, however was 

in the overnight cultivation of bacteria; in the Lambert et at. paper, 

bacteria were grown overnight in minimal media at pH 5.8 (M M 5.8 ), in 

this assay, overnight cultures were grown in L-broth (205 , 357). The 

PagN protein is expressed maximally in PhoP-inducing media, such as 

MM5.8 (4 9 ).

In order to corroborate the findings of Lambert et al., a high- 

throughput invasion assay was performed. Strains of S. Typhimurium  

SL1344 and its derivatives harbouring the GFP-producing pCMOl 

plasmid were grown overnight in either L-broth or MM5.8 and allowed 

to invade the HT-29 cell monolayer before fixation, staining, and 

imaging using the Olympus 1X81 microscope. The images gathered using 

the Olympus microscope can be seen in Figure 5.23.

There was no difference in invasion seen between the wild-type 

strain of Salmonella and either mutant strain (Fig. 5 .24 ). The invA gene 

is maximally up-regulated in late log phase/early stationary phase, and 

during oxygen limiting conditions (1 94 ). As the cultures were grown 

overnight in L-broth with shaking, they were in late-stationary phase, at 

which tim e expression of the invA gene/SPI-1 secretion system is 

minimal (1 9 4 ). Bacteria were also grown in MM5.8, a known PhoP- 

inducing media. The expression of invA is also minimal in MM5.8, 

indicating that the effect of deletion of a functional SPI-1 T3SS would be 

negligible. Expression of the pagN  gene, however, is
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Atexafluor
Hoechst GFP 568 Composite

FIG 5.23. Images of PagN-promoted invasion of Salmonella into 
human HT-29 cells. A high-throughput Invasion assay was performed as 
described In Section 2.4.3.2. to determine the role of PagN in mediating 
Salmonella attachment to and invasion of the human colonic cancer cell line 
HT-29. Bacteria were grown overnight in either L-broth or In minimal media 
pH 5.8 (MM5.8). Salmonella SL1344 was used as a positive control while the 
SPI-1 mutant strain SL1344A/nv'/\ was used as a negative control for invasion. 
The strain SL1344Apag/V lacks a functional pagN gene. Mammalian cells were 
stained with Hoechst, bacteria express GFP, and extracellular bacteria were 
distinguished using an Alexafluor 568 nm secondary antibody. The white bar 
indicates 50 pm.
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5.24. Analysis of the effect of PagN protein on S. Typhimurium SL1344 
invasion and adhesion of HT-29 colonic epithelium. A high-throughput 
invasion assay was performed as described in Section 2.4.3.2. to determine 
the role of PagN in mediating Salmonella attachment to and invasion of the 
human colonic cancer cell line HT-29. Bacteria were grown overnight in either 
L-broth or in minimal media pH 5.8 (MM5.8). Salmonella SL1344 was used as 
a positive control while the SPI-1 mutant strain SL1344A/nv'/A was used as a 
negative control for invasion. The strain SL1344ApagA/ lacks a functional pagN 
gene. The assay was performed in triplicate and the average number of 
invasive (L-broth -  white bars, MM5.8 -  black bars) or adherent (L-broth -  
dark grey bars, MM5.8 -  light grey bars) bacteria per HT-29 cell is displayed. 
Separate one-way ANOVA tests with the Dunnett post-test were performed to 
compare the means of bacterial invasion to the invasion (or adhesion) seen by 
wild-type SL1344 bacteria after growth in LB or MM5.8.

173



maximal in early stationary phase (1 94 ). The gene is also up-regulated  

in SPI-2 inducing media, as well as under limiting Mg^'^-concentrations 

because the pagN  gene is regulated by the PhoP-PhoQ two-component 

system which recognises SPI-2 inducing conditions and l o w - M g 2 + -  

concentrations (137 , 194).

5.2 .4.2  Interaction of Salmonella with CHO-Kl cells

The contribution of PagN to the invasion of C H O -K l cells by S. 

Typhimurium strain SL1344 was determined. Invasion promoted by S. 

Typhimurium strain SL1344, the invA/SPl-1  T3SS m utant, MLS, and the 

pagN  m utant derivative, ML6, were tested with non-polarised cells in a 

gentamicin protection invasion assay. In this assay, bacteria were grown 

overnight in MM5.8 as this has been shown to induce expression of the 

pagN  gene (49, 194, 205). The data presented in Fig. 5 .2 5 (a ) 

established that the pagN  mutant strain, ML6, was internalised in 

greater numbers than the wild-type SL1344 strain, there was a 

significant difference in invasion of the CHO -K l cell monolayer ( p < 

0 .05 , tested by one-way ANOVA method and Dunnett post-test to 

compare all means to wild-type SL1344 grown in LB or in M M 5.8). 

Invasion of the PagN-deficient SL1344 strain increased by 74%  relative 

to the wild-type strain. There was also no changes in invasion mediated 

by the SPI-1 deficient strain, however, it has been established in the 

previous section that the invA gene is not expressed under the PhoP- 

inducing conditions used. There was no significant difference in cell 

association mediated by wild-type S. Typhimurium SL1344 and its 

m utant derivatives (Fig. 5 .2 5 (b )). Bacteria grown overnight in minimal 

media are exposed to nutrient limitation and to prolonged exposure to 

an acidic pH (pH 5 .8 ). It's possible that the
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5.25. Analysis of the effect of PagN protein on S. Typhim urium  SL1344  
invasion and adhesion to C H O -K l cells by GPA. A gentamicin protection 
assay was performed as described in Section 2.4.3.1. to determine the role of 
PagN in mediating Salmonella attachment to and invasion of the CHO-Kl cell 
line. Bacteria were grown overnight in minimal media pH 5.8 (MM5.8). 
Salmonella SL1344 was used as a positive control while the SPI-1 mutant strain 
SL1344A/r?v'/A was used as a negative control for invasion. The strain 
SL1344Apag/V lacks a functional pagN gene. The assay was performed in 
triplicate and the average percentage invasion (panel a) and cell association 
(panel b) is displayed. * indicates p < 0.05. Data were analysed using the one 
way analysis of variance with the Dunnett post test to compare all means to 
wild-type SL1344 bacteria.
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exposure to long growth in MM5.8 inhibits the ability of the bacteria to 

invade the mammalian cell monolayer. Differences may become more 

apparent if bacteria are grown overnight in L-broth, harvested by 

centrifugation, washed, and finally sub-inoculated in MM5.8 and grown 

to early stationary phase to induce maximal expression of the pagN  

gene.

A high-throughput invasion assay was also performed to compare 

bacterial invasion and adhesion to CHO-Kl cells after growth overnight 

in either L-broth or MM5.8. The images generated by the assay are 

displayed in Figure 5.26. There was a decrease in Invasion seen for the 

invA mutant after growth In L-broth (p < 0.05, Fig. 5 .27). There was 

also a significant decrease in adhesion seen for both the invA and the 

pagN  mutants after growth in L-broth (p < 0 .05).
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FIG 5.26. Im ages of PagN-promoted invasion of Salmonella into CHO- 
K1 cells. A high-throughput invasion assay was performed as described in 
Section 2.4.3.2. to determine the role of PagN in mediating Salmonella 
attachment to and invasion of CHO-Kl cells. Bacteria were grown overnight in 
either L-broth or in minimal media pH 5.8 (MM5.8). Salmonella SL1344 was 
used as a positive control while the SPI-1 mutant strain SL1344A/nv'/4 was used 
as a negative control for invasion. The strain SL1344Apag/V lacks a functional 
pagN gene. Mammalian cells were stained with Hoechst, bacteria express GFP, 
and extracellular bacteria were distinguished using an Alexafluor 568 nm 
secondary antibody. The white bar indicates 50 pm.
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5.27. Analysis of the effect PagN protein on S. Typhimurium SL1344 
invasion and adhesion of CHO-Kl cells by HCA. A high-throughput 
invasion assay was performed as described in Section 2.4.3.2 to determine the 
role of PagN in mediating Salmonella attachment to and invasion of the CHO- 
K l cell line. Bacteria were grown overnight in either L-broth or in minimal 
media pH 5.8 (MM5.8). Salmonella SL1344 was used as a positive control while 
the SPI-1 mutant strain SL1344A/nv'/A was used as a negative control for 
invasion. The strain SL1344ApagA/ lacks a functional pagN gene. The assay was 
performed in triplicate and the average number of intracellular (L-broth -  white 
bars, MM5.8 -  black bars) or extracellular (L-broth -  dark grey bars, MM5.8 -  
light grey bars) bacteria per CHO-Kl cell is displayed. * denotes p < 0.05. 
Separate one-way ANOVA tests with the Dunnett post-test were performed to 
compare the means of bacterial invasion to the invasion (or adhesion) seen by 
wild-type SL1344 bacteria after growth in LB or MM5.8.
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5.3 Discussion

Previous studies have asserted that all four extracellular loops of the 

PagN protein are necessary for maximal protein function (2 04 ), 

however, Lambert et al. created PagN mutants in which the loop was 

removed directly at the interface of the membrane and extracellular 

space. The predicted loop 2 of the homologous proteins Hek and Tia are 

established as contributing maximally to protein function (101 , 225). As 

PagN shares ~ 5 4 %  homology with both Tia and Hek, it was suggested 

that the aggressive loop-deletions may affect the ability of the protein 

to mediate functions such as adhesion and invasion, and the second 

extracellular loop of the protein may play a larger role than previously 

suggested. To confirm the role of the loops of the PagN protein, the four 

extracellular loops were deleted further from the interface between the 

membrane and extracellular space. A series of m utant PagN expression 

vectors were constructed based on the IPTG-inducible pMLl vector. Each 

plasmid encoded a mutant PagN protein lacking a single loop. All four 

proteins could be expressed in E. coli K-12 and reached their native 

location as determined by western immunoblotting.

Investigation of the contribution of each of the four loops 

confirmed that all four are required for a functional protein. Deletion of 

any one of the loops completely abrogated the ability of the protein to 

promote adhesion to and invasion of both C H O -K l and HT-29 epithelial 

cells. It's possible that several important residues within each of the 

loops act cooperatively to promote mammalian cell interactions. 

Deletion of any one of the loops would remove the integral amino acid 

residues and thus diminish PagN-promoted phenotypes. Site-directed 

mutagenesis of each of the charged residues in the extracellular loops 

would help determine whether specific amino acids play a role in 

mediating adhesion and invasion. All four extracellular loops may also
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play a structural role in stabilising the protein. Structural studies 

including the crystallization of the protein would determine whether the 

loops play a central role in the structural integrity of the PagN protein.

For the Tia and Hek proteins, the second extracellular loop of the 

protein has been shown to promote adhesion/invasion of mammalian 

cells, bacterial autoaggregation, and interactions with erythrocytes 

(101, 103, 225, 253). Within loop two of both proteins, there are several 

highly conserved amino acid residues including two basic and two acidic 

charged residues.

The contribution of these charged amino acids to the function of 

PagN was investigated. Mutagenesis of the Arg at position 71 or Asp at 

position 75, led to a moderate, and statistically significant, increase in 

PagN-mediated invasion of CHO-Kl cells. Proteoglycans are suspected 

to be the mammalian receptor recognised by PagN to initiate bacterial 

adhesion and begin the uptake process. Proteoglycans are negatively 

charged (288). Mutation of D75 to Alanine may increase the net positive 

charge of the protein thereby increasing the binding capabilities of PagN. 

The large side-chains of the R71 and D75 residues may contribute to 

steric hindrance by blocking the ability of other amino acid residues to 

interact with proteoglycans displayed on the cell surface. Mutation of 

either of these residues increased bacterial adhesion/invasion as it 

removed the barriers blocking the PagN recognised receptor from the 

necessary amino acids. Mutating residues K77 and D81 to Alanine 

decreased PagN-mediated invasion, while increasing adhesion to CHO- 

K l cells. Their absence did not reduce the ability of the protein to 

mediate attachment to its receptor, though it did decrease the ability of 

the protein to promote invasion indicating that K77 and D81 may be 

involved in promoting invasion rather than adhesion. The distinct 

phenotype associated with mutating each residue reflects the complex 

structure of the PagN protein. Mutation of any one of the conserved, 

charged amino acids within Loop two of PagN affected bacterial 

adhesion/invasion of CHO-Kl cells, indicating that they all play a role in
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PagN-mediated phenotypes. When the m utant PagN-proteins were 

tested for their ability to promote adhesion to and invasion of the more 

clinically relevant HT-29 cell line, a different trend was seen. Each of the 

mutations caused a decrease in both adhesion and invasion with the 

exception of the D75A mutation which showed a small but statistically 

insignificant increase in invasion. There was an overall decrease in the 

number of PagN-expressing bacteria interacting with HT-29 cells. 

Colonic epithelial cells such as the HT-29 cell line may display lower 

amounts of the receptor recognised by the PagN protein. Proteoglycans 

are less expressed on the surface of non-confluent HT-29 cells (1 63 ). In 

addition to the decrease in cell-surface receptors, HT-29 cells have been 

shown to produce antimicrobial peptides such as defensins (298, 302). 

There is the potential for more PagN and m utant PagN-expressing 

bacteria to adhere to and invade the cells only to be killed by 

antimicrobial peptides prior to the fixation, staining, and visualisation of 

the high-throughput assay.

Although expression of PagN via a high copy-number expression 

vector in E. coli has allowed us to begin to characterise the protein, it is 

naturally expressed in Salmonella spp. and it is necessary to determine 

the role of the protein in its natural host. S. Typhimurium SL1344 pagN- 

deletion mutants were previously created by Lambert et al. (203 , 205). 

The data presented in the previous sections indicate that the PagN 

protein is not required for adhesion to and invasion of non-polarised 

epithelial cells such as CHO -K l and HT-29 cells. Despite the GPA and 

HCA presenting similar results, other groups have shown that the PagN 

protein is important for Salmonella survival within a host and for 

bacterial invasion (66, 160, 205, 357). It  is possible that the conditions 

tested in this study were not optimal for pagN  expression, and thus the 

true potential for the protein was not seen. Charles et al. and Kroger et 

al. have shown that the pagN  gene is maximally up-regulated by PhoP 

under PhoP-inducing conditions and during early stationary phase (49, 

194). The conditions tested in this study included growth in PhoP-
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inducing media, however, as the bacteria were grown overnight to late 

stationary phase, it is possible that they were experiencing stresses such 

as severe nutrient limitation. S. Typhimurium SL1344 also lacks the 

gene for the TetR repressor protein. When the bacteria harbour the 

pCMOl plasmid, the gfp+  gene is constitutively expressed. Growth 

curves and viable counts were performed for S. Typhimurium SL1344 

harbouring the pCMOl plasmid grown in L-broth. Although no fitness 

defect was seen in these conditions, it is possible that there is a fitness 

defect for strains grown in MM5.8. This would contribute to the decrease 

in bacterial adhesion and invasion seen.

In conclusion, although the PagN protein has previously been 

shown to be involved in adhesion to and invasion of mammalian cells, 

more in depth studies are needed to further elucidate the 

structure/function relationship of the PagN protein.
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Chapter 6 Identification of the PagN 

Receptor

6.1 Introduction

The surface of mammalian cells is decorated with proteoglycans. A wide 

variety of microbial pathogens including viruses, bacteria, and parasites 

have managed to subvert the cell surface proteoglycans for use in 

attachm ent and subsequent cellular entry (27 , 52, 147, 215, 270). There 

are two m ajor families of proteoglycans, the syndecans and glypicans 

(2 88 ). Syndecans are a type-I transmembrane proteoglycans, while the 

glypicans are linked to membrane lipids via a 

glycosylphosphatidylinositol (GPI) anchor (27 , 288). Glypicans, thus, do 

not traverse the lipid bilayer. Proteoglycans contain long chains of 

glycosaminoglycans (GAGs) composed of disaccharide repeats of 

heparan sulphate (HS), chondroitin sulphate (CS), dermatan sulphate 

(D S), and heparin (H ). Glypicans are expressed on the cells of the 

central nervous system and during embryonic development leading to 

the hypothesis that bacteria using the more widely expressed syndecans 

as receptors (2 7 ). Syndecans are so named from the Greek 'syndein' 

meaning to bind together as they were first thought to link the 

extracellular matrix (ECM) to the actin cytoskeleton (3 00 ).

There are four different classes of syndecans (syndecan-1 through 

syndecan-4). Syndecan-1, the prototypical syndecan, was first identified 

as a developmentally-regulated type-I transmembrane protein involved 

in binding ECM components to epithelial cells (191 , 283, 299). 

Syndecan-1 is expressed on the basolateral and epithelial surface of 

epithelial and plasma cells while Syndecan-4 is expressed ubiquitously 

on the focal adhesions of all adherent cells (2 7 ). Syndecan-1 and 

syndecan-4 contain long HS and CS chains linked to a core protein
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traversing the cell membrane through a uniform tetrasaccharaide linker, 

GlcA-Gal-Gal-Xyl-Ser (130 ). The GAG chains begin biosynthesis in the  

Golgi apparatus and through a series of incomplete sequential enzymatic  

modifications including sulphation, acetylation, deacetylation and 

epimerisation, end with heterogeneous disaccharide chains linked to the  

core protein. The initial steps linking GAG attachment to proteoglycans 

involves the biosynthesis of the tetrasaccharide linker region through 

the transfer of xylose from UDP-xylose to the hydroxyl group of a specific 

serine residue on the core protein (Fig. 6 .1 ) (27, 130). All higher 

organisms, including humans, possess two xylosyltransferase genes, 

xylt-1 and xylt-2  (131 , 132, 251, 252, 274, 351). Human

Xylosyltransferase-I (X T -I)  was the first to be discovered and purified in 

2000 by Kuhn et at. (199). Since then, Xylosyltransferase-II (X T - I I )  

cDNA has been isolated and expressed in CHO-Kl cells (71, 274). The 

amino acid sequences of XT-I and X T -I I  share 55%  overall sequence 

identity with several highly homologous regions with 80%  identical 

amino acids (131).

Expression of xylt-1  and xylt-2  in tissue samples has been 

characterised previously (71, 274). In both of these studies, xylt-2  was 

found to be expressed in most cell types tested (71, 274). xylt-1 , 

however, was minimally expressed in all but the mouse kidneys and 

testis (274 ) and breast tissue (71). XT-I was not expressed at all in HeLa 

cells or the K562 bone marrow cell line (71). In both of these studies 

colonic cells were not tested for xylosyltransferase expression.

Previous studies have indicated that PagN is unable to promote 

adherence to and invasion of the mutant CHO-Kl cell line pgsA-745. 

pgsA745 cells lack xylt-1 ,  though there is some discrepancy as to 

whether they also completely lack xylt-2  (71, 274). This study 

attempted to recreate this phenomenon in the human colonic epithelial 

HT-29 cell line using an siRNA to knockdown X T-II expression due to its 

presence in a greater variety of cell types.
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Core
proteins

HS

Cell Surface

FIG. 6.1. Biosynthesis of glycosaminogiycans. Tine glycosaminogiycan 
cliains of proteoglycans are syntliesised in the Golgi apparatus through the 
transfer of nnonosaccharides catalysed by specific glycosyltransferases. The 
biosynthesis of the common tetrasaccharaide linker (Xyl-Gal-Gal-GIcA) is 
initiated by the transfer of xylose from UDP-xylose to a specific serine residue 
in the core protein by xylosyltransferase-I or xylosyltransferase-II. The fifth 
sugar in the chain is either N-acetylgalactosamine (found in dermatan sulphate 
(DS) or chondroitin sulphate (CS) chains) or N-acetylglucosamine (found in 
heparan sulphate (HS) or heparin (H) chains). Ser: serine, Xyl: xylose, Gal: 
galactose, GIcA: glucuronic acid, GalNAc: N-acetylgalactosamine, GlcNAc: N- 
acetylglucosamine.
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6.1.1 Statistical Analyses Utilised
All data presented within all graphs in this chapter reflect the mean plus 

or minus the standard error. When the number of strains tested reached 

three or more, a one way analysis of variance test was used. The 

Dunnett post-test analysis was used to compare all means to a control 

mean as indicated in the text. Statistical significance was described for 

values where p < 0.05.
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6.2 Results

6.2.1 Optimisation of the qRT-PCR reaction

In order to confidently determine whether the siRNA was effective in 

knocking down X T -II expression, the qRT-PCR reaction conditions were 

optimised. A confluent monolayer of cells was disrupted and the total 

RNA was extracted as described in Section 2 .2 .6 .2 . cDNA was 

synthesised (Section 2 .2 .6 .3 ) and used in a qRT-PCR standard curve 

reaction. DNA template concentrations of 100 fg, 10 fg, 1 fg, 0.1 fg or 

0.01 fg were amplified with either 0.5 pM or 0.8 pM of the forward and 

reverse primers (Table 2 .3 ) to obtain a PCR efficiency of 90 -  110 %  

(Figs. 6.2 and 6 .3 ). The glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) housekeeping gene was used as a reference.

6.2.2 Optimisation of the siRNA knockdown of xylt-
2

Once the conditions for the qRT-PCR were optimised and xylt-2  

expression had been confirmed, siRNA knockdown of the gene 

expression could begin. Confluent monolayers of cells were disrupted 

and reverse transfections were performed as described in Section 

2 .2 .6 .1  using a final concentration of 10 nM of siRNA or scrambled 

siRNA. Cells were incubated for 24, 48, or 72 hours with the siRNA or 

scrambled siRNA after which time the total RNA was extracted and 

converted to cDNA (Section 2 .2 .6 .2 /3 ) . Several wells were also left 

untreated to determine the basal level of xylt-2  expression. A relative 

quantification of gene expression was performed using qRT-PCR as 

described in Section 2 .2 .6 .4 . The house-keeping gene GAPDH (in
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FIG. 6 .2 . Standard curve and am plification plot of the GAPDH gene in 
human H T-29 cells using qRT-PCR. Total RNA was extracted from the 
human colonic epithelial cell line HT-29 and converted to cDNA as described in 
Sections 2.2.6.2 to 2.2.6.4. The cDNA was amplified with primers GAPDHfwd 
and GAPDHRev using PCR and the DNA fragment was purified. A standard 
curve was performed in triplicate using 0.5 pM primers. Panel a displays the 
amplification plot, the numbers indicate the amount of DNA added in fg. Panel 
b displays the standard curve. The efficiency was 99.5% with a slope of -3.3 
and an R̂  value of 0.996.

188



a. 10
100 fg   0.1 fq

1 /  ' 10 fg
I f g  0.01 fg

/
0.1 /

5 0 01 /
<3

0.001

0.0001

/

0.00001

0.000001

b.

2 4  6 8  10  12  14 16  18  20  22  24  26  28  30  32  34  36  38  40

Cycle

31

29

27

25

23

u 21
19

17

IS
0.001

■

0.01  0 .1  1 2 5 10  30  100

Quantity (fg)

FIG. 6.3. Standard curve and amplification plot of the xylt-2  gene in 
human HT-29 cells using qRT-PCR. Total RNA was extracted from the 
human colonic epithelial cell line HT-29 and converted to cDNA as described in 
Sections 2.2.6.2 to 2.2.6.4. The cDNA was amplified with primers XYLT2fwd 
and XYLT2Rev using PCR and the DNA fragment was purified. A standard curve 
was performed in triplicate using 0.8 pM primers. Panel a displays the 
amplification plot. The red lines indicate 100 fg DNA, the yellow lines display 
10 fg DNA, the lime green lines 1 fg DNA, the teal lines 0.1 fg DNA, and the 
blue lines 0.01 fg DNA. Panel b displays the standard curve. The efficiency was 
93.1% with a slope of -3.5 and an Revalue of 0.921.
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FIG. 6.4. siRNA knockdown of xy It-2  in human HT-29 celts over time.
HT-29 colonic epithelial cells were either treated with 10 nM siRNA, 10 nM 
scrambled sIRNA, or left untreated. Total RNA was extracted from the cells 
after 24, 48, and 72 hours of treatm ent and converted to cDNA as described 
in Sections 2.2 .6 .2  to 2.2.6.4. qRT-PCR was performed to determine the 
expression of the xylt-2  gene relative to the housekeeping gene GAPDH in 
untreated cells after 24 hours.
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untreated cells after 24 hours) was used as the reference sample. After 

24 hours, expression of xylt-2  had decreased by 90%  (Fig. 6 .4 ). 

Expression of xylt-2  also decreased in cells treated with the scrambled 

sIRNA indicating that the transfection itself altered expression of the 

xylt-2  gene. Expression of xylt-2  returned to normal in the cells treated  

with the scrambled siRNA after 48 hours. The expression level also rose 

to levels above normal after 72 hours incubation. After 48 hours 

expression levels of xylt-2  in the untreated cells decreased relative to 

the 24 hour incubation. Expression levels of xylt-2  in the siRNA treated  

cells stayed between 10 -  50 % of the level seen in the untreated cells. 

An incubation period of 48 hours was selected to allow the xylt-2  

expression level in the scrambled siRNA treated cells to return to normal.

6.2.3 Knockdown of X T -II does not affect PagN- 

mediated invasion

Previous studies have indicated that PagN expressing bacteria are 

unable to effectively invade CHO -Kl cells lacking cell-surface 

proteoglycans. The mutant CHO -Kl cell line pgsA-745 does not produce 

any glycosaminoglycan chains (99, 100). Previous studies have found 

that invasion of this cell line by bacteria expressing PagN or the Hek and 

Tia invasins of E. coll was completely abolished (2 0 3 ). I sought to 

replicate these findings in the colonic epithelial HT-29 cell line using 

SiRNA knockdown of xylt-2  gene expression and testing of bacterial 

invasion using a high-throughput invasion assay. Reverse transfections 

were performed in 96 well plates as described in Section 2 .2 .6 .1  using 

2 nmol of siRNA or scrambled siRNA per well. After 48 hours, the total 

RNA was extracted from 6 wells, pooled (Section 2 .2 .6 .2 ) and converted 

to cDNA (Section 2 .2 .6 .3 ). The cDNA was used in a qRT-PCR reaction to 

confirm knockdown of xylt-2  expression (Fig. 6 .5 ). After confirming the 

decrease in xylt-2  expression, a high-throughput assay was performed
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as described in Section 2 .4 .3 .2 . E. coli D H 5aZ l expressing PagN, as well 

as GFP, were incubated with HT-29 cells that had been treated with 

either the siRNA or scrambled siRNA. The Olympus 1X81 was used to 

collect the images in Fig. 6 .6 . There were no differences in PagN- 

mediated invasion of HT-29 cells exposed to the scrambled versus 

validated siRNA (Fig. 6 .7 ). There was, however, a significant increase in 

bacterial adhesion to the siRNA treated cells when compared with those 

treated with the scrambled siRNA. These data indicate that a decrease 

in xy lt-2  in HT-29 cells was not enough to completely abrogate PagN- 

promoted adhesion and invasion. It  is possible that removal of the GAG 

chains allows PagN to adhere to its true, and hitherto unknown, target.
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Treatment
FIG. 6.5. siRNA knockdown of xy It-2 in human HT-29 cells prior to use 
in an HCA. HT-29 colonic epithelial cells were either treated with 10 nM siRNA, 
10 nM scrambled siRNA prior to use in a high throughput invasion assay. Total 
RNA was extracted from the cells after 48 hours of treatment and converted to 
cDNA as described in Sections 2.2.6.2 to 2.2.6.4. qRT-PCR was performed to 
determine the expression of the xylt-2  gene relative to the housekeeping gene 
GAPDH in cells treated with the scrambled siRNA. There was a 89 % decrease 
in XT-II expression.



a. X T - I I  siRNA
Aiexafluor

Hoechst GFP 568 Composite

b. Scrambled siRNA

FIG 6.6. Im ages of PagN-mediated invasion of X T -II deficient human 
HT-29 cells. A high-throughput fluorescent invasion assay was performed as 
described In Section 2.2.4.2. to determine whether reduction of xylt-2  
expression affected PagN-mediated adhesion and Invasion of HT-29 cells. 
Bacteria were allowed to Invade cells treated with the siRNA (panel a) or a 
scrambled sIRNA (panel b). E. coli DHSoZl expressed PagN from plasmid pMLl 
or harboured the vector plasmid. Mammalian cells were stained with Hoechst, 
bacteria express GFP, and extracellular bacteria were distinguished using an 
Aiexafluor 568 nm antibody. The white bar Indicates 50 pm.
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FIG 6.7. PagN-mediated adhesion and invasion of X T -II deficient HT- 
29 cells. A high-throughput fluorescent invasion assay of HT-29 cells deficient 
in xylosyltransferase-II was performed as described in Section 2.4.3.2. to 
determine whether PagN bound to glycosaminoglycans. E. coli DHScZl 
expressed PagN from plasmid pMLl or the vector plasmid. The assay was 
performed in triplicate and the average number of intracellular (panel a) or 
extracellular (panel b) bacteria are displayed. * denotes p < 0.05, * *  indicates 
p < 0.01. Data were analysed using the one way analysis of variance with the 
Dunnett post test to compare all means to the bacteria expressing wild-type 
PagN protein that were exposed to cells treated with the scrambled siRNA.
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6.3 Discussion

Previous studies have indicated that PagN-expressing bacteria are 

unable to effectively adhere to and invade the glycosaminoglycan 

deficient pgsA-745 cell line (2 03 ). In the XT deficient pgsA-745 cells, 

expression of the human xylt-1  gene and both the human and mouse 

xylt-2  genes can restore the biosynthesis of GAGs such as CS and HS. 

The data presented in Section 6 .2 .3  demonstrate either X T-I is present 

in HT-29 cells and can compensate for the lack of X T -II in the production 

of GAGs, or the level of xylt-2  expression in the siRNA treated cells 

produces enough GAGs to allow PagN-mediated Invasion. Previous 

studies have not characterised the predominant xylosyltransferases 

found in colonic epithelial cells, therefore it is possible that xylt-1 is 

expressed in HT-29 cells and that it can compensate for the siRNA- 

mediated loss of xylt-2. Future studies should characterise the 

predominant xylosyltransferases of HT-29 cells prior to sIRNA 

knockdown methodology.

Biotinylated fibroblast growth factor 2 (FGF-2) binds to cell surface 

heparan sulphate proteoglycans, and can be used to determine the level 

of heparan sulphate through flow cytometry. In future studies, the level 

of HSPGs expressed on the cell surface should be measured prior to high 

content assays.

Previous studies have indicated proteoglycans expressing heparan 

sulphate as a potential receptor molecule (203 , 204). The CHO -Kl 

m utant cell line pgsD-677 lacks A/-Acetylglucosaminyl transferase and 

does not produce any heparan sulphate, though it does express 

threefold-higher levels of chondroitin sulphate (2 16 ). Studies involving 

this cell line would provide a better indicator as to the effect of heparan 

sulphate on PagN-mediated invasion. Once studies involving the pgsD- 

677 cell line are completed, siRNA knockdown of the human syndecan-
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1 and syndecan-4, which express highly heparan sulphated 

glycosaminoglycans, could be performed.
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Chapter 7 General Discussion
The PagN protein has recently been implicated as a potential vaccine 

candidate in the fight against the global burden of Salmonella infection 

(129 , 357). It  is important to determine the molecular characteristics of 

PagN and to elucidate the mechanisms by which it promotes adhesion 

to and invasion of the gut epithelial layer. Previous studies have 

characterised the regulation of the pagN  gene and begun to determine 

the relationship between the structure and function of the PagN protein 

(2 0 3 -2 0 5 , 357). This study was conceived to further resolve the complex 

relationship between Salmonella and its host.

High-throughput invasion assays using fluorescent microscopy 

have become widely-used in recent years (217 , 227, 246, 324 ), and 

they are an excellent method for studying the interactions of bacteria 

with mammalian cells. The development and optimisation of a high- 

throughput invasion assay has allowed for an in-depth analysis of the 

role of each of the extracellular loops of PagN, as well as the effect of 

individual amino acid substitutions within loop two of the protein on its 

ability to interact with mammalian cells.

In addition to the functional analysis of PagN, a comparison was 

also undertaken with the 98 .3  %  similar S, Typhi PagNsiv. This study 

predicted PagNsrvto form an 8-stranded 3-barrel protein within the outer 

membrane of bacteria. Four large loops were predicted to be exposed to 

the extracellular matrix, while three short turns were predicted to be 

located in the periplasm of bacteria. An N-terminal signal sequence 

located within the first 20 amino-acid residues directs protein export 

using the Sec-dependent transport machinery. These findings were in 

conflict with those expressed by Ghosh et al. (1 29 ). High-throughput 

invasion assays were also performed to compare adhesion and invasion 

mediated by these two proteins. There were no significant differences in 

cell association or invasion of C H O -K l or HT-29 cells indicating that the
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observed differences in the peptide sequences did not affect amino-acid 

residues necessary for PagN-promoted phenotypes.

Previous studies have implicated all four extracellular loops of 

PagNsTM as being necessary to mediate adherence to and invasion of 

epithelial cells (204). Each of the loops was deleted at the membrane- 

surface interface. This study sought to create less aggressive loop- 

deletions in order to corroborate those results seen by Lambert et at. 

(204). Bacteria expressing the new loop-deletion mutants displayed the 

same adhesion/invasion defects as those previously tested (Section 

5 .2 .2 .2 .3 /4 ), indicating that PagN requires all four extracellular loops for 

invasion. It  is possible that the loops play a role in maintaining the 

structure and stability of the protein once it has been inserted into the 

outer membrane. Protein crystallography to determine the true 

structure of the protein would aid in understanding the 

structure/function relationship.

In addition to the loop-deletion mutants created, site-directed 

mutagenesis was performed on the conserved, charged amino-acid 

residues found in the exposed loop two of the protein. Of the four 

residues tested, only the R71A mutant displayed a significant change in 

both adhesion and invasion of CHO-Kl cells. While bacteria expressing 

this mutant form of PagN displayed an increase in adhesion and invasion 

of CHO-Kl cells, bacteria expressing the Hek protein mutated at the 

same residue displayed a decrease in both adhesion and invasion (253). 

In the Hek protein, it is possible that the conserved arginine residue 

plays a role in mediating invasion while it plays a different role in the 

PagN protein. As Hek requires only loop two of the protein to mediate 

invasion, many of the charged amino-acid residues may play a larger 

role in mediating attachment to and invasion of mammalian cells. PagN, 

however, requires all four extracellular loops for invasion. In addition to 

playing a role in stabilising the protein, several charged amino-acid 

residues dispersed throughout all four extracellular loops may be 

involved in mediating PagN-associated phenotypes. Future work should
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include site-directed mutagenesis on several different exposed, charged 

amino-acid residues located throughout the four exposed extracellular 

loops to determine their involvement in adhesion and invasion.

As discussed in Section 5 .2 .4 , PagN, as expressed in its natural 

host, did not appear to play a role in mediating attachment to and 

invasion of epithelial cells such as C H O -K l and HT-29 cells. However, 

there are several parameters that must be re-tested before the 

effectiveness of PagN as an adhesin/invasin can be discounted. Firstly, 

the M .O .I. chosen for S. Typhimurium strains was 10 bacteria per 

mammalian cell while that chosen for E. coli strains expressing PagN 

exogenously from a plasmid was 90 bacteria per cell. High levels of 

adhesion and invasion were seen for strains of PagN-expressing E. coli 

(up to 9 .0  bacteria per cell). The same was not seen for S. Typhimurium  

SL1344 (up to 3.0 bacteria per cell). Using high-throughput assays, the 

Hardt laboratory in Switzerland have demonstrated high levels of 

Salmonella invasion using an M .O .I. of ~ 1 0 0  -  130 (246 , 247). In future, 

the dose-dependent high-throughput assay should be repeated with 

higher M .O .I. levels from 1 to 1000.

S. Typhimurium SL1344 and SL1344 mutant derivatives were 

grown in PhoP-inducing media to promote transcriptional activation of 

the pagN  gene prior to invasion. It  is possible that prolonged growth in 

nutrient-lim iting, acidic media affected the ability of the bacteria to 

invade a mammalian cell monolayer. In order to determine whether this 

influenced the data generated in Section 5 .2 .4 , high-throughput 

invasion assays should be repeated with several modifications, 

Overnight cultures of S. Typhimurium should be grown in L-broth, 

harvested, washed thrice in MM5.8, and sub-inoculated and grown in 

MM5.8 prior to the start of the assay. If  the overnight growth in MM5.8 

did play a role in dampening invasion, the shorter incubation period 

should abolish this effect.

S. Typhimurium SL1344 does not possess the tetR gene encoding 

the TetR repressor protein. When plasmid pCMOl was transformed into
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E. coli XL-1 Blue strains, which also lack the tetR gene, they appeared 

form long strings of aberrantly growing bacteria unable to correctly 

divide. While this was not seen for S. Typhimurium SL1344 pCMOl when 

viewed under a microscope, it is possible that the lack of a repressor 

protein and constitutive activation of the gfp gene affected the ability of 

the bacteria to effectively invade epithelial cells. Mansson et al. were 

able to effectively integrate the PLteto-i gfp-cmR fragment into the 

chromosomal cobS locus of E. coli CFT073 (227 ). Using the Datsenko 

and W anner method for gene inactivation, the tet-controlled gfp gene 

as well as the tetR repressor gene could be incorporated into the 

homologous cobS locus in S. Typhimurium SL1344 (7 9 ). This would add 

two additional points of regulation. First, the number of copies of the gfp 

gene would decrease from 15 seen for plasmid pCMOl to 1 seen for the 

chromosome. Second, the addition of the tetR gene would allow bacteria 

to block expression of the gfp gene until the addition of ATc. The higher 

M .O .I., decreased period of growth in MM5.8, and control of gfp 

expression should increase the overall invasion of Salmonella strains and 

allow the structure/function relationship of PagN to be further clarified.

In addition to the structure/function relationship studies, further 

work is needed to determine the receptor to which PagN binds. siRNA 

knockdown of xy lt-2  in HT-29 cells did not completely abolish PagN- 

mediated invasion of these cells. As discussed in Section 6 .3 , expression 

of the alternate xylosyltransferase, xy lt-1 , has not been examined in this 

cell line. Future work should include a characterisation of xylt-1  

expression. I f  high levels of xylt-1  are seen in HT-29 cells, then it may 

play the role of predominant xylosyltransferase in which case X T -II may 

be functionally redundant and display lower levels of expression. siRNA 

knockdown of xylt-1  expression followed by high-throughput invasion 

assays would determine whether X T -I was responsible for GAG 

biosynthesis. Flow cytomentry using biotinylated FGF-2 post-siRNA 

knockdown would determine the level of HSPGs displayed on the cell 

surface and provide further evidence as to whether XT-I or X T -II plays
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the m ajor role in GAG biosynthesis in colonic epithelial cells. Previous 

studies have implicated HSPGs as the PagN cell-surface receptor (2 04 ). 

Syndecan-1 and Syndecan-4 are the predominant HSPGs expressed on 

the epithelium (2 7 ). siRNA knockdown of these two receptors followed 

by quantification using qRT-PCR and high-throughput invasion assays 

would help to further elicudate the PagN receptor molecule.

While further work is necessary to fully characterise the nature of 

the interaction between PagN and HSPGs, the loop-deletions, site- 

directed mutagenesis, and development of the high-throughput 

fluorescent assay for invasion have allowed for a greater understanding 

of processes involved in the functionality of the PagN protein.
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Appendix I
SignalP-4.1 prediction (gram- networks): Sequence
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The role of the Salmonella PagN protein in adhesion and Invasion.
Samantha Pare
Salmonella, an important genus of Gram -negative enteric bacteria, is the causative 
agent of many different diseases including Typhoid Fever and Gastroenteritis. 
Salmonella utilises multiple methods of invading mammalian cells, the best 
characterised is the Type Three Secretion System (T3SS). In addition to the T3SS, 
Salmonella express a multitude of fimbrial and non-fimbrial adhesins to facilitate 
attachm ent to and invasion of the epithelial layer lining the intestinal mucosa.

A high-throughput fluorescent assay was developed and optimised for use in 
determining bacterial adherence to and invasion of mammalian cells. Bacteria were 
rendered fluorescent using GFP expressed from plasmid pCMOl. Mammalian cells 
and extracellular bacteria were distinguished using nucleic acid dyes and antibody 
labelling.

Previously, our laboratory has characterised the PagN outer membrane 
protein of Salmonella Typhimurium. PagN was discovered in S. Typhi in 2011 and 
implicated as a bacterial adhesin and potential vaccine candidate (1 2 9 ). The 
structure of the S. Typhi PagN (PagNsrv) was determined and its function compared 
with that of the S. Typhimurium protein (PagNsiM).

The four extracellular loops of the PagN protein have been demonstrated as 
necessary to mediate invasion of epithelial cells (2 0 4 ). These mutants were tested 
for their adherence to and invasion of CH O -K l and HT-29 epithelial cells in a high- 
throughput manner. Deletion of any one of the extracellular loops led to a complete 
abolishment of association with either cell type. The loop-deletions were created at 
the membrane-surface Interface, and this may affect the ability of the protein to 
mediate attachm ent. New, smaller loop-deletion mutants were created to further 
determ ine the role they play in mediating invasion of epithelial cells. Again, each of 
these loop-deletion mutants was unable to promote adherence to or invasion of the  
C H O -K l and HT-29 cell lines.

As PagN shares significant sequence homology with the Hek protein, and 
research has indicated that specific charged residues in Loop two of Hek are involved 
in invasion (1 0 1 ), the conserved residues in PagN (R71, D75, K77, and D81) were 
mutated to a neutral alanine residue. High-throughput invasion assays were 
performed to determine the ability of the m utant forms of PagN to promote adhesion 
and invasion of CH O -K l and HT-29 cells. The R71A m utant showed a statistically 
significant increase in both adhesion and invasion of CHO -K l cells, and this was not 
seen for HT-29 cells. There was no statistically significant difference seen for any of 
the other mutant forms of the protein.

Deletion of the pagN  gene in S. Typhimurium has been shown to affect 
bacterial adhesion/invasion (160 , 205, 259, 357). Strains of w ild-type S. 
Typhimurium and strains lacking the pagN  gene were tested for adherence to and 
invasion of CHO -K l and HT-29 cells. Bacteria grown in L-broth did not show any 
difference in adhesion/invasion of either cell line upon the loss of pagN. The pagN  
gene is under the control of the PhoP/Q two-component system. Bacteria were 
grown overnight in PhoP-inducing media and the high-throughput assay was 
repeated. Again, no differences were seen in cell association or invasion of either cell 
line.

Finally, PagN interacts with heparan sulphate proteoglycans expressed on the 
surface of mammalian cells (2 0 4 ). In human cells, there are two xylosyltransferases, 
XT-I and X T -II, present to catalyse the rate-lim iting step in proteoglycan 
biosynthesis. X T -II is expressed in many different cell-types while X T-I is less 
expressed. siRNA knockdown methodology was used to decrease expression of xylt- 
2  in the human HT-29 colonic cell line. A high-throughput assay was performed to 
investigate PagN-mediated invasion of these cells.


